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Abstract

Molecular-genetic and behavioral analysis of the functionality of
patterning in the trigeminal neuraxis

by

Dana Alexandra Bakalar

Co-advisers: Professor H. Philip Zeigler and Professor Paul Feinstein
A striking feature of the vibrissal representation in rodents is the presence; at brainstem
(barrellettes), thalamic (barrelloids) and cortical levels (barrels) of a somatotopically organized
pattern of neurons which is isomorphic, both morphologically and physiologically, to the pattern
of vibrissae on the snout. The vibrissal system is required for several classes of behavior,
including feeding and active vibrissal sensing, but the functional role of the patterning in these
behaviors is unknown. We used two mutant animals lacking patterning in two areas of the
vibrissal neuraxis to examine the functional role of patterning. We examined feeding behavior
using a knockout of Prxxl, which abolishes somatotopic barrellette patterning in the lemniscal
brainstem nucleus. Null animals were significantly smaller than littermates by postnatal day 5,
but reached developmental landmarks at appropriate times, and survived to adulthood on liquid
diet. A careful analysis of infant and adult ingestive behavior revealed subtle impairments in
suckling, increases in time spent feeding and the duration of feeding bouts, feeding during
iv

inappropriate times of day, and difficulties in the mechanics of feeding. During liquid diet
feeding, null mice displayed abnormal behaviors including extensive use of the paws to move
food into the mouth, submerging the snout in the diet, changes in licking, and also had difficulty
consuming solid chow pellets. We suggest that barrellette patterning is necessary for normal
ingestive behavior. To examine the role of patterning in active sensing, we used the BRL mouse,
an Adenylyl Cyclase 1 mutant in which TCAs enter the cortex but do not cluster into barrels.
Prior studies lesioning or chemically silencing barrel cortex suggests that vibrissal active sensing
tasks such as texture discrimination are barrel-cortex dependent. However, these studies
confound the functional role of the somatotopic barrel patterning with the function of barrel
cortex cell activity. Use of the BRL mouse allowed us to dissociate these two. We found that
BRL mice are impaired in a texture discrimination task relative to wildtype mice, suggesting a
functional role for cortical barrel patterning. We discuss the role of patterning versus
topographical organization of afferents.
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Chapter 1
Introduction and Literature Review
1a: The trigeminal system and the problem of neural patterning.
In all mammals, oral and perioral sensory inputs are processed by the trigeminal
nerve, which is common to all vertebrates, and evolved early in the vertebrate lineage
(Šestak , Božičević, Bakarić , Dunjko, & Domazet-Lošo, 2013) Sensory inputs processed
at the periphery project to the trigeminal ganglion and thence to brainstem, thalamus, and
somatosensory cortex (S1), via lemniscal and paralemniscal pathways, originating,
respectively, in the principal nucleus of the trigeminal (PrV) and the spinal nucleus
(SpVi). These inputs have been shown to be critical for ingestive behavior in both birds
and mammals (Zeigler, Miller, & Levine, 1975; Zeigler, 1989; Jacquin & Zeigler, 1982;
Jacquin & Zeigler, 1984). In animals with whiskers (vibrissae), the trigeminal system
also processes vibrissal inputs, carried by the infraorbital branch of the nerve. A striking
feature of the vibrissal representation in rodents is the presence, at brainstem
(barrellettes), thalamic (barrelloids) and cortical levels (barrels) of a somatotopically
organized pattern of neurons which is isomorphic, both morphologically and
physiologically, to the pattern of vibrissae on the snout (Woolsey & Van der Loos, 1970;
Veinante & Deschenes, 1999). Figure 1 (from Erzurumlu, Murakami & Rijli, 2010)
depicts the vibrissae on the face and the representations of the vibrissae in brainstem,
thalamus, and cortex. This patterning has made the rodent vibrissal system a prime model
for studies of neuronal development, patterning and sensory organization (see Feldmeyer
et al., 2013, Diamond & Arabzadeh, 2013, Sehara & Kawasaki, 2011 for reviews).
1

Despite extensive investigation of the system, the functional role of the patterning itself is
still unclear.

Figure 1: Patterning transmitted from the vibrissal array via the infraorbital
branch of the trigeminal nerve (ION) to PrV, thalamus, and S1. From Erzurumlu et
al, 2010.
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To further delineate the role of barrel patterning, the first question to ask is “What
does it mean to be a barrel?” That is, what constitutes a barrel and which elements of the
barrel might be functionally significant for each function of the system? In the brainstem,
barrellettes are relatively anatomically simple: They consist of groups of neurons which
use their polarized dendritic trees to synapse with incoming vibrissa-specific bands of
trigeminal afferents, and may be visualized using cytochrome oxidase. Cortical barrels
are more complex, consisting of several elements: Thalamocortical afferents, which
cluster in the centers, and the barrel walls made up of layer IV neurons. TCAs can be
visualized using cytochrome oxidase, and the barrel walls with Nissl staining or other cell
body staining techniques. In addition to their morphological characteristics, these
groupings of cells are functional units, in that stimulation of a single vibrissa results in
increased glucose usage within a single barrel as observed using deoxyglucose uptake
(Welker et al., 1996). This patterning can remain even when the TCAs and layer IV
patterning are disrupted, as in the Barrelless mouse. Any, all, or any combination of these
elements could prove necessary for normal behavioral function.
Electrophysiology and imaging techniques indicate that the barrellettes and
barrels are functional groupings. PrV neurons respond strongly to the stimulation of a
single vibrissa, and less strongly to vibrissae peripheral to that one (Jacquin, Golden &
Panneton, 1988; Shipley, 1974; Veinante & Deschenes, 1999, Armstrong-James & Fox,
1987) and are tuned to detect the direction in which the vibrissa is being deflected
(Gibson & Welker 1983; Lichtenstein, Carvel & Simons, 1990; Zucker & Welker, 1969).
In the barrel cortex, stimulation of a single vibrissa primarily triggers excitation of
3

neurons within a single layer IV barrel, with some response from neighboring barrels
(Petersen & Diamond, 2000; Armstrong-James, Fox & Das-Gupta, 1992). Barrels also
communicate amongst themselves: Voltage-sensitive dye imaging, which allows for the
visualization of sub-threshold depolarization as well as action potentials, reveals in slice
preparations that depolarizations in the first few milliseconds following stimulation of a
single vibrissa are constrained to the extent of a single barrel (Petersen & Sakmann,
2001). However after 10ms, subthreshold depolarization spreads horizontally over a large
extent of the cortex (Orbach, Cohen & Grinvald, 1985; Kleinfeld & Delaney, 1996).
Lesions of the barrel cortex produce significant impairment on a vibrissaedependent gap-crossing task, (Huston & Masterson, 1986) but whether this reflects
disruption of the pattern, per se or damage to specific nerve cells is unclear. Because of
the confounding involved in such studies, it would be useful to employ techniques which
allow us to manipulate these patterns. This dissertation uses molecular genetic
techniques to address the question of pattern functionality in the trigeminal system.

1b: Functionality of patterning
Although somatotopic patterning is widespread in the brain and occurs in multiple
species, its functional significance remains problematic. Organizing the cortex into
somatotopic maps has some potential benefits: it is metabolically cheaper, using less
white matter and allowing for short, fast connections between neurons active at the same
time (Weinberg, 1997; Kaas, 1997). This efficiency in wiring could be vital for
functioning of the brain as a system: Some researchers suggest that a small amount of
4

additional length of neural connections could displace other brain structures, causing a
“wiring catastrophe” as the brain undergoes an infinite number of reorganizations to
make room for this extra wiring (Chklovskii, Schikorski & Stevens, 2002). Vascular and
energy concerns may also fuel topographic patterning: the brain uses an enormous
amount of energy, and by grouping cells together which are often activated together the
brain can minimize the extent of increased blood flow to the local region, saving energy.
Cortical maps may also be required for perception: The brain can perceive stimuli
coming from the body or the vibrissal pad as continuous because they activate different
populations of peripheral receptors sequentially; sending afferents to somatotopically
laid-out cortical regions which preserve the continuity of the percept (Kaas, 1997).
However, patterning in at least some levels of the system may be what Gould
(1979) calls a “Spandrel”, a feature arising not because it is adaptive, but as a byproduct
of another adaptation. Simply because stimulation of a single vibrissa activates a
population of neurons which happen to be grouped into a barrel does not mean that the
specific grouping of these neurons into the barrel shape is functional. Somatotopic
patterning may be an emerging result of the pruning of synapses during development,
when cells that are activated together become more strongly interconnected while those
which do not fire together lose connectivity (Hebb, 1949). It may also emerge from
competition between inputs, as in the visual cortex, where ocular dominance columns
represent each eye, as a result of the inputs from each eye competing for space (Hubel,
1982). This effect has been observed in the vibrissal system: lesioning a single vibrissa
results in the loss of its barrel representation (Van der Loos & Woolsey, 1973), and the
5

representations of neighboring vibrissae extend their cortical territory into the missing
vibrissa’s space in mice, rats, and hamsters (Simons, Durham & Woolsey, 1984; Dubroff
et al., 2005). This mirrors the well-known cortical reorganization seen in monkeys after
median nerve transection, in which areas of cortex previously occupied by
representations of median nerve-innervated areas came to be occupied by representations
of neighboring regions (Merzenich et al., 1983). Artificial neural networks develop
topographic patterning when subjected to rules similar to Hebb’s law, suggesting that the
pattern may be a consequence of synchronized neural activity rather than a reflection of
any functional properties. Specifically, networks tend to form bands like those in V1
when competition between inputs is balanced, and barrel like patterning (blobs with
surround regions) can be produced by imbalanced activity competition (Tanaka, 1991;
Obermayer, ejnowski & Blasdel, 1995). If the patterning is a result of selection for
vascular efficiency or an emerging pattern resulting from the interactions of neurons, then
alternately patterned brains should work (almost) as effectively as “normally” patterned
brains. That this is the case is suggested by examples in multiple species of animal.
Topographic vibrissal patterning is observed in multiple somatosensory systems
in a wide variety of animals, which seems to suggest that it has functional significance,
but considerable variation exists across species. While rats, mice, squirrels, porcupines,
and rabbits have both vibrissae and matching cortical barrels, raccoons, beavers and cats
have vibrissae without barrels, and guinea pigs and flying squirrels have barrel patterning
despite not engaging in whisking behavior (Woolsey, Welker & Schwartz, 1975).
Moreover, several animals, including the American water shrew and the brown bat, have
6

barrellettes but lack barrels in the cortex, although they are heavily dependent on vibrissal
inputs for navigation and hunting (Catania, Catania, Sawyer & Leitch, 2013; Woolsey et
al., 1975).
Interestingly, barrellette patterning in the brainstem nuclei is universal among
mammals, appearing even in the human brain despite our lack of vibrissae. Primates
show patterning in brainstem but not cortex in species from the primitive prosimian
galago to homo sapiens (Sawyer et al., 2015; Noriega & Wall, 1991). Barrellette
somatotopy is important enough for fibers to reconstruct the pattern as the signal is
processed: Fibers carrying sensory information from the dorsal root ganglia enter the
dorsal columns dermatome by dermatome, and since dermatomes overlap, the fibers do
not enter topographically. Nevertheless, within the dorsal columns they re-organize
somatotopically and are patterned when they reach the brainstem (Whitsel, Petrucelli,
Sapiro & Ha, 1970). This reorganization suggests that somatotopic organization of axons
is required in this area for proper functionality.
While barrel cortex somatotopic patterning is widespread across species, it
is also widely variable, as described above, suggesting that the specific organization of
thalamocortical afferents is not necessarily functionally significant. Barrellette patterning
is much less variable: Even mammals without barrels (such as the cat and the American
water shrew) have brainstem barrellette patterning (Nomura et al., 1986; Catania et al.,
2013). This may reflect a trait that is preserved due to functional significance, or a trait
that was simply not selected against and is therefore maintained through evolution.
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Nonetheless, barrels and barrellettes do form in many species, including mice and
rats. It is possible that these groupings are present for functional reasons (assisting with
perception of vibrissal sensory information or in sensory-motor integration). For instance,
the fact that a variety of knockout mice with loss of barrellette patterning suffer from
feeding deficits and that no animals have been shown to lack brainstem barrellettes
suggests a potential functional significance for barrellettes (Bakalar et al., 2015; Arakawa
et al., 2014; Maier et al., 1999). These structures may also exist due to their economy of
energy and space, or that they reflect general organizational principles of neurons. The
highly evolutionarily variable barrel pattern may be a spandrel arising from the projection
of trigeminal axons from the brainstem, which may require patterning for normal
behavioral functioning of the animal. The trigeminal system provides a useful “model”
for the exploration of such issues.
Because the trigeminal circuitry is essential in the control of feeding (Hofer,
Fisher & Shair, 1981, Jacquin & Zeigler, 1982; Jacquin & Zeigler, 1983; Zeigler, Semba
& Jacquin, 1984), this project has potential translational significance. Pediatric feeding
disorders occur in 25% of children, and in 80% of developmentally delayed children
(Manikam & Perman, 2000; Rogers & Arvedson, 2005). Feeding disorder and failure to
thrive are common in genetic disorders such as cerebral palsy and Downs' Syndrome, and
lead to poor growth outcomes and increased morbidity and mortality. Poor suckling in
human neonates is associated with cognitive, language, and motor delays (Rogers &
Arvedson, 2005; Mizuno & Ueda, 2005, Medoff-Cooper & Gennaro, 1996). Stimulation
of the orosensory periphery has been successfully used to entrain suckling in human
8

neonates and to prime swallowing and improve gastric motility, suggesting a role for
trigeminal afferents in human feeding disorder patients (Barlow, 2009). With a fuller
understanding of the genetic and neural control of feeding, these poor outcomes could be
minimized.

9

Chapter 2
Prxxl1 KO Feeding Behavior
In press: Somatosensory and Motor Research

2a: Introduction
Ingestive behavior in mammals is critically dependent on sensory cues for the
identification and localization of food, for sensory control of eating and drinking
movements (biting, chewing, licking), and for the incentivization of these behaviors.
Although much research on the sensory control of feeding has focused on taste, studies
from the Zeigler laboratory (Jacquin & Zeigler, 1982; Jacquin & Zeigler, 1983; Zeigler,
Semba & Jacquin, 1984) have identified trigeminal orosensation as an overlooked but
important contributor. Trigeminal (orosensory) input is relayed via the trigeminal
ganglion and projected to S1 via lemniscal and paralemniscal pathways, involving relays
in the principal and spinal trigeminal nuclei. Removal of trigeminal orosensory inputs by
deafferentation disrupts the organization of both infant and adult feeding sequences,
dramatically reduces responsiveness to food, significantly impacts dietary self-selection
and the regulation of body weight, and decreases the incentive properties of food as
indicated by a profound reduction in food-reinforced lever pressing (Hofer, Fisher &
Shair, 1981; Jacquin & Zeigler, 1983).
The process of feeding in rodents is stereotyped and well-defined. In normal rats,
the sequence begins when the animal approaches a food pellet, snout tilted downwards
(Zeigler et al., 1984). As the animal reaches the pellet, it lifts its snout and explores the
10

pellet with first the frontal perioral hairs and then the large vibrissae. The snout is then
moved up and forward as the mouth opens, until the upper lip is in contact with the pellet.
The pellet is brought into the oral cavity, and the jaw closes in a bite. Drinking involves
a similar sequence, culminating in contact with the sipper tube, mouth opening, tongueprotrusion and licking. Orosensory deafferentation is followed by a period of aphagia
and adipsia whose persistence is directly related to the number of orosensory nerves
sectioned. If maintained on a liquid diet, most subjects recover. However, their ingestive
behavior is dramatically disrupted. In deafferented rats, the snout is often not oriented
towards the food and, even when snout-food contact occurs, the mouth usually does not
open. During drinking, contact with the sipper tube fails to elicit mouth opening or
licking. In both eating and drinking, the disruption in the ingestive sequence appears to
reflect the loss of a specific input which links one component of the sequence to the next.
When given liquid diet or mashed chow, these animals would submerge their chin into
the food, and developed unusual food-related behaviors (“shoveling” and “scooping”)
which involved pushing the face, jaw partially open, through the mash, lifting mash to the
face using the forepaws, and then weakly licking at the food (Jacquin & Zeigler, 1983).
Observations such as these strongly suggest a critical role for trigeminal orosensory input
in the control of ingestive behavior but provide no clue as to which of the two main
trigeminal pathways mediate this process: Deafferentation disrupts input to both
lemniscal and paralemniscal pathways, leaving the central question unanswered.
Recent molecular genetic studies have suggested an alternative approach to
functionally dissecting the trigeminal pathways. The paired related homeobox-like 1
11

transcription factor Prxxl1 is expressed in the principal nucleus of the trigeminal nerve
and throughout the nuclei of the dorsal root ganglia (Chen et al., 2001). Prxxl1
(previously named DRG11) is required for patterning of nociceptive circuitry in the
dorsal spinal cord (Saito, Greenwood, Sun & Anderson, 1995; Chen et al., 2001). Its
deletion also disrupts the normal development of patterning in the lemniscal system,
abolishing vibrissae-related barrellettes in the lemniscal brainstem nucleus (PrV) while
leaving them intact in the paralemniscal brainstem nucleus (SpVi) (Jacquin et al., 2008;
Wang et al., 2007). Thus Prxxl1 deletion, by disrupting pattern formation in the
lemniscal, but not the paralemniscal trigeminal pathway, provides an opportunity to
dissociate the functions of the two pathways in trigeminally mediated behaviors. In
preliminary behavioral observations of knockout (Prxxl1-/-) mice, Wang et al. (2007)
reported the animals' movements, including those of the vibrissae, appeared normal.
Prxxl1-/- mice could be maintained into adulthood on liquid chow, but they display a
pattern of disrupted ingestive behavior strikingly similar to that of trigeminally
deafferented rats. The present study utilizes both molecular-genetic and behavioral
methods to reveal the contribution of trigeminal lemniscal pathways to ingestive behavior
in rodents.

2b: Materials and Methods
2b1: Subjects
Mice used in this study were bred and maintained in the Laboratory Animal
Facility of Hunter College, CUNY. All procedures were approved by the Hunter College
12

IACUC. Animal care and procedures were in accordance with the Guide for the Care and
Use of Laboratory Animals (NHHS Publication No. (NIH) 85-23). Since null mice did
not breed, knockout mice (Prxxl1-/-) were generated by intercrossing Prxxl1 heterozygous
mice. This arrangement results in production of wild-type Prxxl1+/+ (WT), heterozygous
Prxxl1+/- (Het) and Prxxl1-/- animals. Breeding pairs were housed in standard-size mouse
cages with Beta-chip bedding, and fed standard mouse chow.

2b2: Care and maintenance
All subjects (male and female WT, Het and Prxxl1-/- animals) that survived until
postnatal day 21 (P21) were weaned by sex into groups of 3-4 (group housing facilitated
survival of null animals, likely due to body heat from and grooming by littermates).
Because of the ingestive behavior deficits characteristic of the Prxxl1-/- phenotype,
nutrition and hydration for all subjects were provided by a liquid diet (Bioserv, LieberDeCarli '82) presented in J-tubes that were washed and refilled daily during the week and
once on Sunday. To minimize blockage of the tubes, cages were lined with PaperTek
bedding. Male and female mice were tested between 30 and 38 days of age, as null mice
rarely survived to P40 and were usually too ill to test at that age. Animals were sacrificed
and genotyped following the experiment, although we note that the distinct phenotype of
Prxxl1-/- animals rendered double-blind testing impossible.
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2b3: Previous Prxxl1 allele
The current mouse genome build, GRCm38.p3 C57BL/6J, reveals Prxxl1 to
contain 10 exons based on known cDNAs. A knockout for Prxxl1 has been previously
published (Chen et al., 2001) in which two exons (4 and 5) were deleted. Exons 4 and 5
fully contain coding region: exon 4 contains 34 of the 59 amino acids of the
Homeodomain DNA binding motif and exon 5 contains an additional carboxy terminal,
the last 14 amino acids of the Homeodomain, and 48 additional amino acids Because we
were unable to obtain this knockout it was necessary to remake it.
2b4: Generation of new Prxxl1 allele
A Kanamycin (KAN) cassette was recombined into a 129 BAC clone (bMQ433N9) containing the entire mouse Prxxl1 gene. The KAN integration deleted a 993bp
fragment containing exons 5 and 6. DNA was retrieved from the BAC via homologous
recombination, including 4 kb flanking regions on either side of the exons. The AscI
KAN gene was replaced by the AscI FRT-Neo-FRT cassette and the vector was
electroporated into E14 ES cells. Chimeric animals were initially mated to 129/Sv mice.
Heterozygous offspring were detected by qPCR, and intercrossed to produce
homozygous Prxxl1-null mice of 129 origin. Heterozygous offspring were mated with /
C57BL/6J mice to create a mixed background. The FRT-Neo-FRT selection cassette was
later removed via crosses with ROSA-Flpe mice. All animals reported in Prxxl1-/-,
Prxxl1+/- (Het), and Prxxl1+/+ (WT) groups are in this mixed129/B6 background. Figure 1
provides a schematic of the Prxxl1-/- construct. There were no obvious phenotypic
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differences between Prxxl1-/- with and without the FRT-Neo-FRT cassette in either 129
or 129/B6 backgrounds.

2b5: Behavioral measures: Development
For developmental studies, litters were observed from postnatal day 1(P1) until
P21. A total of 7 Prxxl1-/-, 19 Het, and 5 WT mice were tracked through development. A
battery of developmental tests was adapted from Crawley (2007). Each pup was weighed
daily and assessed for the presence of general developmental milestones (ventral fur and
opened eyes), oral-specific milestones (emergence of top and bottom incisors), and
trigeminal vibrissal reflexes (vibrissal orienting and vibrissal placing). The eyes were
considered 'opened' when both eyes were visibly open, and similarly the emergence of
both incisors on the top or the bottom marked 'incisor emergence'. To test vibrissal
orienting, the vibrissae on one side of the pup's face were stimulated using a clean Q-tip.
The reflex was considered present if the animal moved its head towards the vibrissal
stimulation within a period of one second. In vibrissal placing, pups were held up by the
tail, nose facing downward, and the front of the vibrissae touched to a parallel rod (a
clean Q-tip). A positive orienting response consists of arching the back and reaching the
forepaws onto the rod. After assessment, each pup was marked as an identifier with
permanent marker (black Sharpie, refreshed daily) on their ventrum until ventral fur had
developed, at which time we instead marked the tail, also in black Sharpie. Tail samples
for genotyping were taken from all animals that died during the 21 day testing period on
the day of death, and from remaining animals after testing was completed.
15

2b6: Suckling
To assess the efficiency of suckling, we measured the body weight of pups
(ranging from 3 to 9 pups) before and after a 6-hour removal of the dam from the home
cage and a subsequent 1-hour feeding period. To assess potential differences in weight
lost during deprivation, which could indicate metabolic changes, pups were weighed
before the dam was removed and before the 1-hour suckling period began .Weight
change after the suckling bout assesses efficiency of suckling. A total of N = 94 naïve
mouse pups (not used in development assay) were tested, including 15 Prxxl1-/-, 38 Het,
and 41 WT animals at 8 days postnatal. On P8 between 8:00 and 9:00AM, the dam was
removed from the home cage and placed in a separate clean cage with food and water.
After removal of the dam, all pups in the litter were ventrally marked with numerical
identifiers using permanent marker (black Sharpie). We then replaced the home cage in
its original spot in the colony. For the following 6 hours, pups remained in the home cage
with no access to the dam. After 6 hours of deprivation, the dam was returned to the
home cage for 1 hour. Pups were weighed at three time-points: before deprivation, after
deprivation, and 1 hour after the dam was returned. Following testing, pups were
sacrificed via decapitation and tail samples taken for genotyping. For convenience, sex
was identified in these animals when possible by the presence or absence of nipples,
which is a highly reliable sex-typing method since nipples do not develop in male mice
(Raynaud, 1961).
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2b7: Adult Feeding: 24-hour Analysis
Subjects were 9 naive Prxxl1-/-, 22 Het, and 12 WT mice, male and female,
between 30 and 38 days of age, bred and housed as described above. Mice were placed
singly in clean, standard sized mouse cages containing a feed-o-meter, consisting of a
liquid diet feeding tube (Bioserv item #9019) fitted with an internal copper wire and a
copper floor-plate, creating a circuit. Licking the food while in contact with the plate
closed the circuit, causing a measurable drop in voltage across the circuit. The signal was
processed with a Data DI-158 data acquisition device and a custom analysis program
written in Matlab. Contacts with the liquid diet in the feedometer were recorded as
voltage drops, digitized and used to calculate individual “licks”, feeding bouts and total
time spent feeding. All voltages which dropped below the noise (-.45v) were considered
‘licks’ and considered time spent feeding.
The floor of the cage was covered with flat Tekboard flooring, to reduce the
chance of bedding pushed onto the floor-plate interrupting the recording. Animals were
habituated to the apparatus for 1 hour, during which time voltage data was collected but
not analyzed. After habituation, data was collected for 24 hours. Following testing, mice
were sacrificed and tail samples taken for genotyping.

2b8: Adult feeding: Analysis of ingestive behavior sequences
We assess consumption of liquid diet in naïve animals: 6 Prxxl1-/-, 12 Het, and 6
WT mice between 30 and 35 days of age, bred and housed as described above. We also
assess consumption of small pellets, (Halo Spot’s Stew cat chow, chicken recipe, Purely
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for Pets Inc., Tampa, FL) in an additional 5 Prxxl1-/-, 11 Het, and 8 WT mice between 30
and 35 days of age. Feeding behavior was measured on two different time scales; first
after an initial period of deprivation and, subsequently, over a 16 hour period. For both
types of food, beginning at 12:00 noon, mice were deprived of food for 8 hours (water
was available in familiar Bioserv J-tubes). For testing, animals were removed
individually from the home cage, weighed, and then placed in a 7” X 7” clear plastic
observation box with Tekboard flooring. Food (liquid diet or small pellets, presented in a
small petri dish) was then weighed and placed in the center of the observation box.
Animals were filmed in High Definition (at 1080 pixels per inch), 60 frames per second
for 10 minutes. After 15 minutes, both mouse and food were weighed and mouse was
transferred to a standard mouse cage containing a J-tube full of fresh water and Papertek
flooring. Both the mouse and the remaining food were moved to this cage, which was
placed in the colony room for 16 hours, until noon the following day, when the mouse
and the food remaining in the dish were weighed. In the case of small pellets, food
outside the dish was also weighed at 16 hours (on the assumption that removal of the
pellets from the dish constitutes the start of an ingestive sequence, we used the ratio of
removed to eaten pellets as a measure of feeding efficiency).
Videographic data was used to analyze the bout structure and topography of liquid
food and pellet ingestion and the sequence structure and degree of completeness of
feeding sequences. For a video recording of these feeding behaviors in WT and Prxxl1-/animals, see supplemental materials. For the liquid food we analyze incidences of
sniffing or touching the food, the total time spent feeding, number of licks per bout (from
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which we calculate licks per second), number of times the paws enter the food dish
during feeding, and the number of times the face or a portion thereof is submerged in the
food. These measures allow us to assess motivational and topographic aspects of
feeding. For consumption of small pellets, we analyze the stage of feeding that each
animal achieves in its most complete bout of feeding. In normal mouse, the stages are as
follows: Stage 1 consists of sniffing the pellet, and making contact with the vibrissae and
perioral region. In stage 2, the mouse licks the pellet. In stage 3 the pellet is lifted, with
either the paws or the jaws, and if lifted in the jaws is then grabbed in the paws in stage 4.
Stage 5 consists of holding the pellet in the forepaws and nibbling it, rotating the pellet in
the paws to access different faces of the pellet.

2b9: Olfactory Testing
To assess the possibility of olfactory deficits we used a modification of the Buried
Food Test (Yang & Crawley, 2009). Subjects were 4 naïve Prxxl1-/-, 4 Het, and 6 WT
mice between 28 and 35 days of age, bred and housed as described above. One day prior
to testing, at 11:30AM, one Oreo Mini chocolate sandwich cookie (distributed by
Mondelez Global LLC, East Hanover, NJ) was placed in the home cage, to facilitate
habituation to the cookie and to allow the animals to learn that it is palatable. While prior
versions of this test habituate subjects for 2-3 days (Yang & Crawley, 2009), we
habituated for only one day in order to minimize learned helplessness in mutants which
may be unable to effectively consume the cookie. On the testing day, liquid diet was
removed from the home cage at 12PM, and replaced with clean water in J-tubes. Because
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of the weakness of Prxxl1-/- mice and their inability to withstand long deprivations, we
reduced the standard overnight food deprivation period to 8 hours.
For testing, animals were placed into clean cages floored with approximately 3cm
of Betachip bedding. After 5 minutes of habituation, mice were removed and the cookie
added. Each Oreo Mini was buried approximately 1cm below the bedding of each cage,
along the front wall. Mice were returned to the test cages, and latency to locate the cookie
was recorded. Because of the feeding deficits observed in Prxxl1-/- animals, we defined
the moment of cookie location as when the animal’s snout first touches the cookie. This
removes confounds due to deficits in manipulation and feeding behaviors.

2b10: Histology
Upon the completion of their involvement in above experiments, selected animals
were deeply anesthetized with ketamine and xylazine and then perfused transcardially
with cold 0.1 M phosphate-buffered saline (PBS) (pH 7.4), followed by 4%
paraformaldehyde in phosphate buffer (0.1 M, pH 7.4). Brains were collected and stored
in 4% paraformaldehyde for 12-24 hours, then cryopreserved in PBS with 4% sucrose
overnight, frozen, and sectioned on a cryostat at 80 µm. Barrel cortex was sectioned
transversely, and brainstem nuclei were sectioned coronally to allow for visualization of
PrV, SpVi, and Barrel Cortex. Sections were then stained using a standard cytochrome
oxidase (CO) protocol (Wong-Riley & Margaret, 1979). CO stained sections through the
trigeminal neuraxis (PrV, SpVi, S1) in Prxxl1-/-, Het, and WT mice were compared for
somatotopic patterning of the orofacial region.
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2b11: Genotyping of Prxxl1 Mouse
Tail samples were digested and genotyped using PCR. Primers used to check for
the presence of the wildtype allele were 5’GTGGATGTTACTCAGTTTCATCTT3’
(bottom, designated p2070) and 5’CCCGTGAGCACCTTGAACTGTGAT3’ (top,
designated p2071). To check for the mutant allele, the primer
5’CCCGTGAGCACCTTGAACTGTGAT3’ (designated p199) was paired with p2071.

2c: Results
2c1: The Prxxl1 Gene
Our analysis of the Prxxl1 gene revealed that it is a solitary gene in the mouse
genome with no close paralogues. This gene contains at least 10 exons by the most recent
analysis. The exon/intron structure is very similar to what was previously published,
however 7 amino acid sequences differed from what had been described (all 7 positions
are normally highly conserved amongst cross species homologues) (Chen et al.,
2001). Finally, coding exons 4 and 5 that were previously suggested to be
simultaneously deleted, reside 2757 nucleotides from each other in the genome, whereas
the exons 5 and 6 reside 87 nucleotides from each other. Thus, it would be nearly
impossible to delete exon 5 without deleting or disrupting exon 6. In fact, deletion of
exons 5 and 6 is the likely mutation that was previously made. Based on the correct
Prxxl1 exon/intron structure, it was not realistic to regenerate the published knockout
(KO). Thus, we decided to generate a new allele for Prxxl1 by deleting only exons 5 and
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6 (60 amino acids and 37 amino acids respectively; Figure 2). This new mutation likely
creates a null allele by deleting nearly half the protein and disrupting the homeodomain
motif.

Figure 2. Schematic representation of construct created (exons not to scale). This
deletion disrupts the homeodomain and removes nearly half of the protein. Third allele
(Prxxl1 FRT) used in all experiments.
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Figure 3. Cytochrome Oxidase Stain of PrV (a,d), SpVi (b,e), and S1 (c,f) in WT
(row 1) and Prxxl1-/- (row 2) mice. Scale bars, 1000 μm. Vibrissal patterning is visible
at all levels in the WT animal, and in SpVi in the Prxxl1-/-, but is absent in PrV and S1 in
the Prxxl1-/- animal. Arrows indicate differences between genotypes.

2c2: Prxxl1 KO specifically disrupts vibrissal patterning in PrV but not in SpVi
To determine if our Prxxl1 KO produced the anticipated disruption of patterning in the
trigeminal system, we used cytochrome oxidase staining to characterize patterning in the
trigeminal neuraxis. Representative cytochrome oxidase stained sections through the
trigeminal neuraxis are presented at the level of PrV, SpVi and “barrel” cortex (S1), for
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Prxxl1-/- and WT mice (Figure 3). In the WT animal, “barrels” are evident at cortical
levels and “barrellettes” are present in both SpVi and PrV nuclei. In the Prxxl1-/- animal,
vibrissa-related patterning is present only in SpVi. Additionally, the overall size of PrV
and SpVi appear to be smaller in the KO animal, although quantification should be
performed in future studies. While this might be attributed to the increased cell death
observed in both PrV (Ding, Yin, Xu, Jacquin & Chen, 2003) and SpVi (Jacquin et al.,
2008), cell death is not the cause of the lost patterning, as demonstrated by a cross with
Bax- expressing mice which curtailed the high levels of apoptosis but did not recover
patterning deficits (Jacquin et al., 2008). It should be noted, however, that this experiment
was performed on the knockout model produced previously and not on the current animal
(Chen et al., 2001). We therefore suggest that cell death is also not the cause of the
functional deficits observed in our Prxxl-/- animals, although further study using Baxcrossed animals would have utility.
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Figure 4. Weight of tested animals in grams (mean +/- SEM). Prxxl1-/- animals are
significantly smaller than WT by P5, and significantly smaller than Hets by P12. These
differences persist until P21, when death of Prxxl1-/- animals reduced the sample size and
thus the power of the analysis.
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Figure 5. Percentage survival of Prxxl1-/- mice relative to WT and Het littermates.
Prxxl1-/- animals differ significantly in survival from littermates, dying at several key
developmental time points. Letters indicate transitional times in feeding when Prxxl1-/animals died: A) Birth, learning to suckle; B) End of dam-led suckling, beginning to eat
on own; C) Weaning, learning to eat liquid diet.

2c3: Prxxl1-/- mice have reduced body weight and die prematurely
The earliest evident phenotypes of the Prxxl1-/- mouse are a reduction in body
weight, beginning soon after birth and persisting into adulthood, and reduced survival.
Examining the body weight, and survivability (Figures 3, 4) for the different genotypes,
we find significant differences. Although the initial weights of Prxxl1-/- mice and
littermates were similar, significant differences began to emerge as early as P5 (Welch’s
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F(2,12.7) = 4.958, p = 0.026), continuing through P20 (F(2,12.377)= 4.056, p = 0.027.).
By P21, only 3 out of 7 Prxxl1-/- animals survived, and weights were no longer
significantly different (F(2, 4.567) = 4.925, p = 0.072), possibly due to differential
survival of healthier Prxxl1-/- mice. Interestingly, while Games-Howell post-hoc testing
revealed significant differences between WT and Prxxl1-/- weights beginning at P5,
significant differences between Prxxl1-/- and Hets emerged first at P12.
In addition to falling behind in weight, Prxxl1-/- animals were more likely to die
than littermates. Of total deaths in the development group, a total of 4 Prxxl1-/- mice
(28.57%) died in the first two days of observation in contrast to zero littermates. Prxxl1-/mice faced a second survival challenge on postnatal days P15 to P26, a period during
which mice begin to supplement their suckling with solid food consumption. During this
period, 4 Prxxl1-/- animals and zero littermates died, so that by P28, one week after
weaning, only 6 Prxxl1-/- (42.857%) survived. These differences in survival were highly
significant: Log-rank (Mantel-Cox) test showed significant differences (p < 0.001)
between the survival curves of Prxxl1-/- animals and littermates of the other genotypes
(Figure 4).
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Figure 6. Achievement of Vibrissal Reflexes and Developmental Milestones. Prxxl1-/animals develop physical milestones (incisor growth, eye opening) and vibrissal reflexes
(orienting and placing) at the same time as littermates. Ventral fur appears slightly early
in Prxxl1-/- animals.

2c4: Development and vibrissal function appear normal in Prxxl1-/- mice
To assess Prxxl1-/- mice for pervasive developmental retardation, which may
explain why they died prematurely and failed to gain weight, we assessed a variety of
developmental, morphological and behavioral milestones in WT, Het, and Prxxl1-/- mice
(Figure 6). These included milestones for the development of the vibrissal system
(vibrissal reflexes), oral development (incisors emerging) and general milestones (eyes
opening, emergence of ventral fur). We used GLM ANOVA to assess the differences in
developmental timeline across genotypes. GLM revealed a significant multivariate main
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effect for genotype, F(12,44) = 2.713, p = 0.008. Tests of between-subjects effects
revealed that specifically, genotype had an effect on the emergence of belly fur (p =
0.014), with Prxxl1-/- mice (M= 8.83, SEM = 0.289) developing fur significantly earlier
than Hets (M = 9.833, SEM = 0.169) and WTs (M = 10, SEM = 0.320). Post-hoc Tukey
testing showed that Prxxl1-/- mice developed ventral fur significantly earlier than WT (p =
0.012) or Het littermates (p = 0.006). Emergence of incisors did not significantly differ
between Prxxl1-/- and littermates. Importantly, despite the absence of vibrissa related
barrellette patterning in the Prxxl1-/- group, there were no significant differences between
WT and Prxxl1-/- groups in the emergence of vibrisal-dependent behaviors (orienting and
placing).

2c5: Suckling ability appears grossly normal in Prxxl1-/- mice
Because there was no difference in vibrissal or oral development in Prxxl1-/- mice
vs littermates, we hypothesized that the observed reduction in body weight is a result of
inefficient suckling. We therefore tested suckling efficiency using a deprivation analysis.
At the start of the trial, prior to deprivation, Prxxl1-/- animals weighed significantly less
(M = 3.706, SEM = 0.202) than Hets (M = 4.796, SEM = 0.175) and WTs (M = 5.018,
SEM = 0.155). Following deprivation, Prxxl1-/- lost the least weight, a mean of 0.061g
(SEM= 0.014), while Hets lost a mean of 0.067g (SEM =0.004), and WTs lost a mean of
0.654g (SEM = 0.004). Following a one-hour suckling bout, Prxxl1-/- gained the smallest
amount of weight, a mean of 0.125g (SEM = 0.024), while Hets gained a mean of 2.00g
(SEM = 0.015), and WTs gained a mean of 0.188g (SEM = 0.017).
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To control for variance in body size, milk consumption was calculated as
percentage of initial body weight lost during deprivation or gained after suckling. Prxxl1/-

lost the largest percentage of their initial body weight during deprivation (M = 1.5892,

SEM = 0.331), followed closely by Hets (M = 1.3811, SEM = 0.052), with WTs (M =
1.2916, SEM = 0.056) losing the least. Prxxl1-/- gained a smaller percentage of initial
bodyweight after one hour suckling (M = 2.851, SEM = 0.752) than WTs (M = 4.083,
SEM = 0.415) and Hets (M = 4.304, SEM = 0.266).
ANOVA was conducted to compare weight in grams lost during deprivation and
gained during suckling, and percentage of body weight lost during deprivation and gained
during suckling over genotype. While the effect was not significant, there was a trend (p
= 0.072) towards a difference in grams gained during suckling across genotypes.
However, there were no differences in grams lost or in percentage body weight gained or
lost.
In order to investigate the role of initial weight on milk intake, correlation
coefficients were computed among the variables of sex, litter size, initial body weight,
and change in body weight after suckling. This revealed that the weight of a mouse at the
start of the test was, unsurprisingly, significantly correlated with the weight gained during
the suckling period in grams (r(61) = 0.546, p < 0.001) and with the amount of weight
gained following suckling (r(61) = 0.357, p = 0.004). However, weight at start of test was
not significantly correlated with percent weight gained, suggesting that differences in
initial body weight do not significantly affect relative consumption of milk.
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Figure 7. Prxxl1-/- animals located a buried cookie significantly faster than WT and
Het animals, indicating normal olfactory function combined with a possible increase
in motivation.

2c6: Prxxl1-/- animals have heightened responsiveness to olfactory food stimulus
In order to rule out anosmia as a cause of weight loss and viability, we performed
olfactory localization tasks (Figure 6). Prxxl1-/- animals found the cookie fastest, taking a
mean of 194.25s, SEM = 55.66. Het mice found the cookie after a mean latency of
818.75 seconds, SEM = 81.25, and WT mice averaged a 571.42 second latency, SEM =
80.40. ANOVA with Tukey post-hoc testing showed that these differences were highly
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significant (p = 0.001) with significant differences between Prxxl1-/- animals and both
Het (p = 0.001) and WT (p = 0.004) mice.

Figure 8. A) Mean time spent feeding (in seconds, +/- SEM) in each quarter. Prxxl1-/differ from WT but not Het mice in ZT 0-6 and ZT 6-12.
B) Mean length of each meal (in seconds, +/- SEM) in each quarter.
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2c7: Timing and duration of feeding behavior disrupted in Prxxl1-/- mice
After ruling out simple causes of the weight and survival phenotypes, we
determined whether feeding patterns had been altered by recording feeding behavior over
24 hours (Figure 8). To define the bout structure of feeding we first analyzed the gaps in
feeding for each genotype of mouse. Excluding gaps short enough to be between
contiguous licks, the most common gap length (constituting 64.3%-66.4% of gaps for
each genotype) was found to be 0.25 seconds, which we defined as pauses during
feeding. In order to define a meal, we therefore had to determine the maximum gap that
could occur within a single meal: To do this, we looked at the longest observed gap
duration occurring in less than 1% of gaps (which was approximately 2.5 seconds), and
assigned this value to the gap defining the division of two meals. We found that a gap of
2.5 seconds included the very common gaps (small, uniform breaks in feeding) while
excluding uncommon gaps (large pauses between meals). A ‘meal’ was therefore defined
as all licks within 2.5 seconds of each other. Thus, if two licks are 1 second apart, they
are within one meal, but if they are 2.7 seconds apart, they constitute two separate meals.
Using the measurement of total time feeding and of meals, we can analyze total time
spent feeding as well as the length of each feeding event.
For analysis of total time spent in contact with the food, the 24-hour feeding cycle
was divided into quarters, beginning at Zeitgeber time (ZT) 0 when the colony lights
come on in the morning. All contacts occurring in each quarter were binned: ZT 0-6
comprises the time from lights on to 6 hours after that (8:00AM-2:00PM), ZT 6-12
covers the rest of the light cycle from 2:00PM- 8:00PM, ZT 12-18 runs from lights out at
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8:00PM until 2:00AM, and ZT 18-24 is from 2:00AM to 8:00AM, when the colony lights
come back on. Total time spent in feeding during each quarter was compared across
genotypes.
After exclusion of three far outliers (+/- 3 x Interquartile Range), Kruskall-Wallis
ANOVA revealed significant differences in total time spent feeding in ZT 0-6 (p = 0.018)
and ZT 6-12 (p = 0.035), and in total time spent feeding over the combined four quarters.
In ZT 0-6, Prxxl1-/- mice (M = 700.36, SEM = 229.32) ate for significantly longer than
WT mice (M = 105.55, SEM = 24.63), but did not differ from Het animals (M = 254.69,
SEM = 55.20). WT and Het mice also did not differ.
In ZT 6-12, Prxxl1-/- mice (M = 316.62, SEM = 86.91) spent more total time
feeding than WT mice (M = 66.14, SEM = 16.89). Although it did not reach
significance, there was a trend towards a difference between Het animals (M = 202.63,
SEM = 38.79) and Prxxl1-/- mice (p = 0.083). WT and Het mice did not significantly
differ.
Combining Quarters, we see an increase in time spent feeding (p = 0.006) during
the light portion of the cycle (ZT 0-6 and ZT 6-12) for Prxxl1-/- mice (M = 1016.97, SEM
= 265.64) vs WT (M = 171.69, SEM = 33.55) but not Het animals (M = 457.32, SEM =
84.29). In the second two quarters, during the dark cycle, the genotypes did not differ in
time spent feeding.
To determine effects of time of day, a Freidman’s repeated measures test was
used to compare time spent feeding during each quarter within each genotype. We found
significant differences across quarters in WT (p = 0.006) Heterozygote (p = 0.011), and
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Prxxl1-/- animals (p = 0.039). Pairwise comparisons reveal that in Prxxl1-/- mice, although
there was an overall significance, no two quarters significantly differed from one another.
The closest trend was towards a difference between ZT 6-12 and ZT 12-18 (p = 0.059). In
Het mice, significant differences were found between ZT 6-12 and ZT 12-18 (p = 0.021)
and between ZT 0-6 and ZT 12-18 (p = 0.032). In WT mice, ZT 6-12 and ZT 12-18
differed significantly (p = 0.006), and ZT 6-12 vs. ZT 18-24 trended towards significance
(p = 0.078). In WT and Het animals, differences were identified between but not within
light/dark periods. In Prxxl1-/- animals, no quarters differed significantly regardless of
period.
Because increased feeding time may be a function of increased numbers of meals
or of increased meal duration, we assessed both possibilities. After defining the minimum
meal length as 0.5 seconds, we examined the average length of individual meals using
Kruskall-Wallis ANOVA. In all Quarters, WT mice ate the shortest meals. In ZT 0-6,
Prxxl1-/- animals ate significantly longer meals than WT but not Het mice, and Hets ate
significantly longer meals than WT (p < 0.001). In ZT 6-12, Het mice ate the longest
meals, followed by Prxxl1-/- and WT animals, all differences significant. In ZT 12-18 and
ZT 18-24, Het and Prxxl1-/- mice did not differ, but WT mice continued to eat
significantly shorter meals than either (p < 0.001 in both ZT 12-18 and ZT 18-24).
We used ANOVA to compare number of meals across genotypes, and found no
differences in any quarter. Thus, we found an increase in time spent feeding in Prxxl1-/and heterozygote animals, increases in meal length but not number of meals, and a
change in the distribution of feeding across the light and dark portions of the day.
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Heterozygote animals are intermediate between Prxxl1-/- mice and WT mice with respect
to these feeding measures.

Figure 9. Mean instances (+/- SEM) of representative feeding behaviors in mice
eating liquid diet. Prxxl1-/- mice are significantly more likely to perform aberrant
behaviors such as licking the paws excessively, submerging the face in food, and placing
the paws in the food. They show decreased licks per second.

2c8: Disrupted feeding topography in Prxxl1-/- mice
After identifying a disruption in feeding patterns, we sought to characterize the
differences in feeding topography displayed by mutant animals (Figure 9). KruskallWallis ANOVA revealed that despite significant differences in initial body weight (p <
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0.001), with Prxxl1-/- mice weighing an average of 6.69g (SEM = 0.767), Hets weighing
M = 14.44, SEM = 0.966, and WT weighing M = 18.77, SEM = 0.739, all genotypes
spent equivalent amounts of time feeding during the 10 minute video session. After 16
hours with the food, both genotypes gained equivalent amounts of weight when measured
in grams, but Prxxl1-/- mice gained significantly more in terms of percent of their initial
body weight than both Hets (p = 0.004) and WT (p = 0.014). This was an unanticipated
result, but may be explained as differences in motivation to feed after the 8-hour
deprivation period, which likely varied between underweight Prxxl1-/-animals and wellnourished littermates. Additionally, the inefficiency of feeding in Prxxl1-/- animals
resulted in food on, rather than in, the body of the animal. Liquid diet was usually
smeared over the head, caked onto the paws, and smeared across the flanks of Prxxl1-/mice.
The topography of ingestive behavior in Prxxl1-/ - mice differed significantly from
that of the other groups, with significantly increased incidences of submerging their face
into the food (p = 0.002) and paw-licking (p = 0.020), a technique wherein the animal
removes food from the paws as part of a grooming sequence. These behaviors mimic the
“scooping” and “shoveling” behaviors adapted as alternate feeding strategies by
trigeminally deafferented rats (Jacquin & Zeigler, 1983). Additionally, Prxxl1-/- animals
revealed problems licking: Prxxl1-/- animals licked significantly fewer times per bout than
Hets (p = 0.031) and WT (p = 0.045), and moreover licked significantly fewer times per
second than both Hets (p = 0.014) and WT (p = 0.034). Licks per second were calculated
from total observed licking time, so these reductions in licks reflect a slowing and
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disorganization of Prxxl1-/- licking behavior. These data are affected, however, by the fact
that only observed licks were counted, so that an animal with its face submerged in the
food would score zero licks.
Several notable behaviors were evident in filmed feeding. Prxxl1-/- animals licked
in a slow, disorganized fashion, rather than in rhythmic licking patterns. Their licks
appeared inefficient, often resulting in excess food on the perioral region. This
inefficiency in licking may explain the reliance on ‘scooping’ and ‘shoveling’ we
observed. Additionally, Prxxl1-/- mice often approached the food as if to eat, moved the
jaw slightly as if to open the mouth, then retreated with the mouth still closed, suggesting
that the feeding sequence had been interrupted. These behaviors were never seen in
control animals, which simply approached and sniffed the food without eating.
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Figure 10. Mean weight at the start of testing, food consumed during 16-hour
period, and pellets removed from the dish during that period in grams (+/- SEM).
Prxxl1-/- mice weigh less at the start of testing, and consume fewer pellets while
removing more pellets from the dish than controls.

2c9: Mutant animals attempt to feed more than WT mice, but cannot consume pellets
While normal mice consume pellets in a 5-step process (Figure 11), Prxxl1-/mutant animals fail to complete the process, despite attempts to eat. ANOVA analysis
showed that Prxxl1-/- animals (M = 7.558g, SEM = 0.715) weighed significantly less at
the time of testing than Hets (M = 11.726, SEM = 0.817g, p = 0.09) and WT mice (M =
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16.222g, SEM = 3.01, p < 0.001). The genotypes did not differ significantly in weight
gained after a 16-hour period with the pellets. The difference may not have reached
significance due to increased water consumption in Prxxl1-/- mice rather than equivalent
consumption of pellets. Comparing amount of food consumed (i.e. neither on the floor of
the cage or in the dish) after 16 hours, we found that Prxxl1-/- animals consumed only
0.727g on average (SEM = 0.199) while Hets consumed M = 3.12g, SEM = 0.637, and
WT consumed M = 2.045g, SEM = 0.547. These differences were significant (p = 0.031).
Post-hoc Tukey testing revealed that Hets and Prxxl1-/- animals differed (P = 0.038) but
the difference between WT and Prxxl1-/- animals did not reach significance, perhaps as a
result of lower motivation to feed in the higher weight WT animals (Figure 10).

Figure 11. Progression of pellet eating in normal animals.

Detailed observations of Prxxl1-/- animals suggested impairments in the efficiency
of their eating behavior. They ate clumsily, dropping the pellets often, and displaying
poor paw-jaw coordination. An illustration of the normal sequence of food pellet
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ingestion in mice is shown in Figure 10. Our observations indicated that Prxxl1-/- mice
failed to complete this sequence, removing the pellet but dropping it prior to completion
of the sequence. We therefore used the weight of removed but unconsumed pellets as an
index of feeding efficiency. For Prxxl1-/- the mean weight of removed but unconsumed
pellets was 7.303g (SEM = 1.024) over the 16-hour period, by comparison with 3.744g
(SEM = 0.866) for Hets and only 1.809g (SEM 0.918) for WT. These differences were
significant, p = 0.003. Tukey post hoc testing revealed significant differences in ingestive
efficiency between Prxxl1-/- animals and both Hets (p = 0.038) and WTs (p = 0.002).

2d: Discussion
2d1: Phenotype and comparison with sectioned rats
Although the Prxxl1 KO described in this study differs from the previously
published knockout, this knockout successfully disrupts expression of Prxxl1 in the brain
and spinal cord, preventing development of lemniscal (PrV) but not paralemniscal (SpVi)
patterning. Importantly, despite the absence of patterning in the Prxx11-/-; basic vibrissal
function is preserved. Both vibrissal placing and vibrissal orienting develop normally,
suggesting that trigeminal afferents have access to circuitry mediating these behaviors.
Additionally, whisking behavior appears normal. This is not surprising, as rats with
deafferentation of the infraorbital branch of the trigeminal showed no substantial effect
upon either feeding (Jacquin & Zeigler, 1982)or whisking behavior (Gao, Bermejo &
Zeigler, 2001) In combination, our data and the work of Jaquin & Zeigler (1982) suggest
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a functional and anatomical dissociation between the trigeminal circuitry controlling
these two behaviors.
The most notable phenotype, visible starting at P5, is small size relative to
littermates. While their weight is developmentally retarded, we found no delays in the
achievement of any other developmental milestones in Prxxl1-/-. Despite their small size,
Prxxl1-/- mice were not developmentally delayed, reaching milestones at equivalent time
points to littermates. Ventral fur developed slightly early in the KO mouse, perhaps a
result of low body weight. Differences in size may be partially a result of genetic
manipulation as such, unrelated to the specific gene deleted; 31% of known knockout
mice are smaller than WT mice of the same strain (Reed, Lawler & Tordoff, 2008).
However, the extreme differences in body weight in Prxxl1-/- mice seem unlikely to be
explained by these general effects. We therefore examined the feeding behavior of
Prxxl1-/- animals from infancy to adulthood.

2d2: Olfaction
Because suckling and feeding in adulthood are both controlled by a combination
of somatosensory and olfactory stimuli, we tested whether olfaction was intact in our
Prxxl-/- animal. Prxxl1-/- animals demonstrated intact olfactory function by quickly
locating a buried cookie. These results may be a result of increased motivation to eat the
cookie as a result of the malnourished state of the animals, and of reduced motivation to
explore the cage in favor of feeding. This is supported by the observation that while
control mice tended to sniff around the area of the cookie repeatedly and then run around
42

the arena to explore it, before digging to retrieve the cookie, Prxxl1-/- mice unearthed
and bit the cookie after less sniffing and exploration of the cage. It is unlikely to be due to
increases in activity level, since we observed no increase, and in the earlier version of the
knockout Chen et al. (2001) found no differences in spontaneous behavior in their Prxxl1
mutants at the age animals were tested in the current study.

2d3: Suckling
Suckling is one of the earliest behaviors that an animal must perform. It begins
soon after birth and is the sole source of nutrition for several weeks. It is behaviorally
very different from adult feeding, and may differ from it in neural substrates (Hall &
Williams, 1983; Irika, Nozaki & Nakamura, 1988). Since rodent pups are blind and deaf
at birth, the olfactory system and the tactile sensory system are likely to be involved in
driving and controlling the behavior. Olfactory testing confirms an intact olfactory sense
in Prxxl1-/- animals, suggesting that weight deficits are not due to difficulty locating the
dam herself or her nipples using olfaction when the eyes are closed in infancy, or
identifying and locating food in adulthood.
We did not observe the wholesale loss of nipple attachment observed by Hofer
and Shair (1981) in rat pups trigeminally denervated in the first week of life. Prxxl1-/animals appear to suckle normally, but their reduced weight suggests reduced milk
consumption. The Prxxl1-/- animal resembles those rat pups denervated at P0, which
survived but remained runts. Prxxl1-/- animals attach to the nipple and consume
comparable amounts of milk to littermates, gaining the same percentage of their initial
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body weight after a feeding bout, yet remain runts. We did not observe significant
differences in amount of milk consumed (as assessed by weight gain during a 1-hour
suckling bout, controlling for body size) between genotypes.
Discounting the distinct possibility that the knockout of Prxxl1 elsewhere in the
body has affected metabolism or digestion, one possible explanation for these puzzling
results is that Prxxl1-/- mice may have decreased gastric motility as a side effect of
starvation (Robinson, Clarke & Barrett, 1988; Sharp & Freeman, 1993), such that WT
and Het mice may have consumed significantly more milk, but also urinated and
defecated significantly more due to higher gastric motility. This could result in a
difference in ingestion being invisible to the current measurement technique. Further
metabolic testing is needed to test this hypothesis. Other differences in metabolism could
also fuel the weight disparity: While Prxxl1 is not known to affect metabolism or
digestion, it may do so in currently unknown ways.
It seems likely that differences in milk consumption are subtle, and that we were
simply unable to observe them using the current technique. We observed small
differences in percent consumed, with Prxxl1-/- mice gaining a smaller (though not
significantly so) percentage of weight than littermates. It is possible that the digestive
results of starvation played a role in equalizing our values, or that the current
measurement technique is not sensitive enough to detect differences in consumption. In
addition, because litters were tested as a group, there may be competition effects or
maternal effects we did not control for.
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2d4: Transition to Adult Feeding
As the animals aged, the phenotype continued to develop. Only 42.86% of Prxxl1/-

animals survived until P28. This time period corresponds to a change in feeding

technique; the switch from exclusively suckling to exclusively consuming solid food. In
rats, until the third or fourth week of the dam-pup relationship the mother controls the
timing and duration of suckling bouts (Hall & Rosenblatt, 1977; Hall, Cramer & Blass,
1977), while later the pup begins to approach the mother for milk independently
(Addison & Alberts, 1980). Pups in the first 2 weeks of life will suckle on a nipple
regardless of whether it is producing milk, suggesting that the nutritive properties of
suckling is not what drives it at that time (Hall & Rosenblatt, 1977). Rat pups begin to
consume limited quantities of non-milk foods after two weeks, but continue to suckle
until 4 or 5 weeks of age (Hall & Williams, 1983). As our mice transition from
exclusively suckling to exclusively eating pellets or liquid diet, they drop off in weight
and many die, suggesting difficulty with the transition and/or with adult feeding behavior.

2d5: Adult Feeding: Motivation and Efficiency
An analysis of time spent feeding over the course of 24 hours indicates that
Prxxl1-/- mice spend more time feeding than WT mice during the daylight hours, but do
not significantly vary their time spent feeding based on time of day, whereas WT mice
ate more during dark quarters than during light quarters. Prxxl1-/- animals ate longer
meals than all other genotypes in the first Quarter of the day, and more than WT animals
in all quarters, without increasing the number of meals. These increases in meal duration
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and time spent feeding suggest, not a reduction in their motivation, but an increase
consistent with their dramatically reduced body weights.
Despite their nutritionally deprived state, these animals do not compensate
sufficiently for inefficient feeding: They spend more time feeding than control mice
during the light cycle but do not increase dark cycle feeding sufficiently. These feeding
patterns may reflect the fact that if feeding is inefficient, each gram of food consumed
will have a higher cost in time and energy than it would for wild-type animals. The effect
of these economic contingencies has been observed in rats: Rats which had to press a bar
at varying ratios to receive pellets modified their feeding to this economic situation. Rats
for which a gram of food ‘cost’ 1000 to 5000 bar presses reduced their food intake and
lost weight. Meal sizes were decreased at high costs, especially when the food required
more than 1000 presses (dropping from a maximum around 5 grams a meal at low cost to
0.8 grams a meal at 5000 press high cost levels). Meal frequency also increased at costs
above 1200 presses, but not sufficiently to make up for reduced meal size (Collier,
Johnson, Hill & Kaufmann, 1986). This pattern was replicated in Prxxl1-/- mice, which
ate for a larger portion of the day and weigh less than controls. Thus, we may be
observing a ceiling effect on feeding behavior.
Analysis of the detailed topography of the ingestive behavior of Prxxl1-/- animals
indicates a statistically significant reduction in the efficiency of their of ingestive
responses to both the liquid diet and to small chow pellets, evident in both the reduction
in discrete licking responses to liquid diet and the failure to complete ingestive sequences
initiated to food pellets. “Scooping” and “shoveling” are observed, and may be learned
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compensatory behaviors. We suggest that the feeding patterns of these animals are
consistent with those of hungry animal attempting to correct a caloric deficit caused by
inefficient feeding. The increased speed of finding the cookie during the olfactory task is
also suggestive of a highly motivated animal.
Because Prxxl1 expression is not limited to PrV, there is a possibility that
inefficient eating could result from loss of Prxxl1 in the spinal cord, where it is expressed
until P14 (Rebelo et al., 2007), or elsewhere in the body. While Prxxl1 loss in spinal cord
may explain the poor paw coordination observed in pellet-eating, it fails to explain
deficits in liquid diet feeding, which requires no use of the paws. Additionally, paw use
during grooming is apparently normal as is scooping food with the paws.

2d6: Comparison of the Prxxl1-/- mouse and the deafferented rat
The most immediate effect of deafferentation in the rat-a prolonged period of
aphagia and adipsia (i.e., of reduced responsiveness to food and water) is not seen in the
Prxxl1-/- animals, probably because the mice are tested after a prolonged period of body
weight loss. However, as the body weight of the deafferented rats decreases, their
responsiveness to food increases dramatically and, like the Prxxl1-/- mice, they generate
periods of prolonged and sustained ingestive behavior (see Jacquin & Zeigler, 1983, Fig.
29) as a compensatory response to their reduced feeding efficiency. Moreover, there are
marked similarities in the behavior of these two preparations. Both often fail to open the
mouth in response to perioral contact with the food. Both animals show problems with
licking, with a total loss of ability in deafferented rats and poor coordination combined
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with reduced licking rate in Prxxl1-/- mice. In the absence of discrete licking and oral
grasping responses both respond to their ingestive impairments by the adoption of
ingestive strategies such as “scooping” , “shoveling”, or “grooming” to move the food
into the mouth. In both, the ingestive impairments are consistent with the absence or
reduction of trigeminal orosensory inputs required for efficient ingestive behaviors.
Given the fact that the deletion produces a disruption of neuronal patterning in PrV but
not in SpVi, our analysis of the Prxxl1-/- mouse suggests a selective role for trigeminal
lemniscal rather than paralemniscal circuitry in the central control of ingestive behavior
in rodents.

2d7: Ingestive deficit patterns in Prxxl1 knockouts: some molecular-genetic and neural
considerations
For both solid and liquid foods, the reduced ingestive efficiency seen in Prxxl1-/mice is consistent with a disruption of the trigeminal circuitry mediating the sensorimotor control of ingestive behavior. That circuitry could involve short-latency trigeminothalamic (lemniscal) projections, originating in PrV and conveying the orosensory inputs
required to link sensory-to-motor components of the ingestive act (e.g. mouth-opening,
licking, grasping).To the extent that the absence of patterning is correlated with damage
to or reduction of critical neurons, one might predict deficits in behavioral chains
involving msec. to msec. processing of sensory inputs controlling the ingestive sequence,
such as those observed in trigeminally deafferented rats (Jacquin & Zeigler, 1983).
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It is therefore of interest that in their analysis of another homeobox containing
transcription factor mutant, Lmx1b KO, Jacquin and his colleagues reported that PrV of
Lmx1b-/- mice had dramatically reduced numbers of thalamic-projecting glutamatergic
neurons, but increased numbers of GABAergic local circuit neurons (Xiang et al., 2012).
Because Prxxl1 is in the same signaling pathway as Lmx1b, it is possible that similar
effects will be seen in the Prxxl1-/-. Such a reduction of PrV-originating projections
and/or increase in local connections could act as a functional lesion of PrV and/or
significantly alter the response properties of both PrV neurons and the thalamic neurons
they project to, disrupting the sensory-motor control of feeding. Further studies will be
required to test these hypotheses and clarify the genetic, neural and behavioral
mechanisms involved.
The molecular basis for the observed PrV patterning defect is unclear, but it is
known that Prxxl1 is expressed in early development and disappears by weaning. This
suggests that Prxxl1 mediated patterning of the PrV neurons, perhaps with Lmx1b as a
cofactor, renders it able to signal to other neurons in the trigeminal pathway, and failure
to establish these connections causes loss of this neural population. A better
understanding of this neural population could come from disabling the Prxxl1gene during
certain time periods of development.

2d8: Variability and haploinsufficiency
While Prxxl1-/- animals on the whole displayed characteristic trigeminal feeding
deficits (reduced licking, inability to bite pellets) the variability in these measures was
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high. Although most Prxxl1-/- mice only licked pellets, several animals were able to lift
pellets with their jaws, and produce relatively normal biting motions. Some Prxxl1-/- mice
licked at nearly a normal rate, while some were unable to lick at all, instead pushing the
whole face into the food. These variations are likely a result of the mixed background on
which the animals are bred. This genetic variability may alleviate or exacerbate the
syndrome in individual animals. This variability in phenotype has implications for the
potential involvement of DRGX (Prxxl1 orthologue) in human feeding disorders (see
significance, below).

2e: Conclusions and Significance
The ingestive syndrome seen in our Prxxl1-/- mice strongly resembles the
symptoms of human feeding disorders, suggesting a role for impaired trigeminal circuitry
in feeding disorders in human neonates. Children can present with problems in several
stages of the feeding process, including the pre-oral phase, in which food is introduced
into the mouth, the oral phase, in which suckling occurs or food is formed into a bolus to
be swallowed, swallowing itself, and the digestion of food (Barlow, 2009). In the Prxxl1/-

mouse, problems with the pre-oral phase of feeding are clear, as the animal is unable to

effectively get food into the mouth. Difficulties with the oral phase may also exist:
Despite removing lots of liquid food from the dispenser, not enough is successfully
swallowed for the maintenance of weight.
In addition to the importance of trigeminal orosensation, in humans the location
of DRGX on the chromosome, 10q11.23, is a mutation hotspot, known to be especially
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prone to mutations, many of which cause dysphagia (Liehr et al., 2009; Stankiewicz et
al., 2012; Ghai, Shago, Shroff & Yoon, 2011). One disorder localized to this area is
Cockayne syndrome, a genetically and phenotypically heterogeneous developmental
disorder characterized by poor growth, feeding disorder, progressive neurological
dysfunction and UV sensitivity (Weidenheim, Dickson & Rapin, 2009). Cockayne
disorder is caused by recessive mutations of two genes, ERCC8 (on chromosome 5) and
ERCC6, a gene directly next to DRGX. However, the variability in symptom severity is
not explained by these mutations. It is possible that variations in the involvement of
DRGX could drive some of this variability: One Cockayne syndrome patient with a
DRGX mutation has symptoms resembling those seen in Prxxl1 knockout mice, including
failure to thrive and feeding dysfunction (Ghai et al., 2011). In a mouse model of
Cockayne syndrome, many similarities to the Prxxl1-/- mouse emerged: Both animals are
significantly smaller than littermates by postnatal day 5, then decline in health and mostly
die at weaning. Both mutants are unable to transition to solid food at weaning, but both
can be kept alive by administration of soft foods (Brace et al., 2013). The
haploinsufficiency and phenotypic variability of Prxxl1-/- animals revealed in the current
study suggests that mutations in a single allele of DRGX may mediate symptoms in
feeding disorders: There are currently 32 identified missense mutants in the predicted
DRGX protein anyone of which could cause haplo-insufficiency. We suggest that our
Prxxl1-/- animal is a valuable model system for examining the genetic assembly and
functional role of trigeminal lemniscal circuits in the normal control of feeding in
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mammals and for understanding feeding abnormalities in humans resulting from the
abnormal development of these circuits.
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Chapter 3
Role of Patterning in Texture Discrimination

3a: Introduction
3a1: Active Sensing and Anatomy
In rodents, the vibrissal system is used to continuously explore the local
environment, using a behavior known as whisking, which consists of rhythmic motion of
the vibrissae against objects in the environment. In whisking, the vibrissal array is
rhythmically protracted and retracted, in a pattern established by a brainstem central
pattern generator (Cramer, Li & Keller, 2007). Rodents skillfully control sensorimotor
aspects of whisking in order to enhance contact with objects in the environment while
maintaining only a gentle touch, like people feeling an object with their fingertips. When
they encounter an object, forward motion of vibrissae on the side of the object is reduced
while at the same time it increases on the contralateral side, such that both sets of
vibrissae are gently touching and exploring the object (Mitchinson et al., 2007). Rodents
can, with the vibrissae, determine the texture of objects, the shape of objects, the width of
a gap, and other salient properties about the environment (Guic-Robles, Jenkins & Bravo,
1992; Krupa, Matell, Brisben, Oliviera & Nicolelis, 2001; Hutson and Masterson, 1986;
O’Connor, Peron, Huber & Svoboda, 2010).
Signals from the snout and vibrissal sensory nerves are transmitted to the area of
S1 representing the vibrissae, called the “barrel cortex,” via the brainstem and thalamus,
with somatotopic representations of the vibrissae visible in each area. In the rodent barrel
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cortex, vibrissae are represented by cytochrome-oxidase (CO) rich “barrels” in layer IV,
consisting of layer IV neurons forming walls surrounding grouped thalamocortical
afferents (TCAs). S1 neurons respond preferentially when the vibrissa associated with
them is stimulated (Carvelle & Simons, 1988; Arabzadeh, Zorzin & Diamond, 2005).

3a2: Texture discrimination is thought to be “barrel cortex dependent”
On the basis of lesion data, the barrel cortex, the final destination of the lemniscal
pathway, has been implicated in the control of active sensing behavior. Specifically, a
variety of “active-sensing” vibrissa-based tasks including gap-crossing, discriminating
the width of apertures, and discriminating two textures in a two-item choice task have
been described as “barrel-cortex dependent” (Hutson & Masterson, 1986; Guic-Robles et
al., 1992; Barnéoud, Gyger, Andrés & Van Der Loos,1992; Jenkinson & Glickstein,
2000; Krupa et al., 2001; Prigg, Goldreich, Carvell & Simons, 2002; von Heimendahl et
al., 2007; O’Connor et al., 2010). For example, rats with intact barrel cortex and a single
vibrissa successfully use active sensing with that vibrissa to cross a gap, but when the
barrel cortex is lesioned, the animals will no longer do so, although they still respond to
passive stimulation of the vibrissa (von Heinendahl et al., 2007; Barnéoud et al., 1992).
While the lesion data clearly implicates barrel cortex in a variety of active sensing
behaviors the conclusion that barrel cortex “patterning” is required for vibrissal
discrimination confounds the physiological properties of barrel-cortex neurons with their
morphological organization (the “barrel” pattern). Although the presence of barrel
cortex neurons has been shown to be required, no specific organization of the neurons has
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been implicated in successful completion of active sensing tasks, and testing of vibrissal
active sensing in animals with intact cells but disrupted patterning is limited. Any, all, or
any combination of the elements of the barrel and its organization could prove necessary
for vibrissal texture discrimination. To attempt to eliminate this confound, we study one
of these tasks, texture discrimination, in BRL mice.
In the Barrelless (BRL) mouse, TCAs are present but do not form barrels. The
BRL mouse is a spontaneous mutation deactivating Adenylyl Cyclase 1 (AC1). AC1 is
one of only two adenylyl cyclases that can be directly activated by calcium, and is
responsible for the synthesis of much of the cAMP produced in the brain, facilitating LTP
and LTD (Tang, Krupinski & Gilman, 1991). It is expressed in the mouse trigeminal
nuclei early in development, peaking in expression at postnatal day 10 (Nicol, Muzerelle,
Bachy, Ravary & Gaspar, 2005), and is expressed strongly in rats between postnatal days
1 and 16, a time period during which LTP is also developing (Villacres, Wong, Chavkin
& Storm, 1995). The BRL mouse lacks the typical cortical barrel patterning. Although
deoxyglucose uptake shows that the general topology of the vibrissal pattern is present,
anterograde tracing reveals that thalamic afferents do not segregate into barrels and
barrels do not appear after cytochrome oxidase visualization (Welker, 1996). In the BRL
mouse, TCAs enter the cortex diffusely, with a large spread, synapsing not in single
barrels but in areas 3 times larger than a normal barrel (Gheorghita, Kraftsik, Dubois &
Welker, 2006), potentially as an effect of loss of cAMP production and therefore of
normal synaptic editing (Lu et al., 2003). The BRL animal may thus shed some light on
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the relationship between the synapsing of TCAs into discrete barrels and the ability to use
the vibrissae in active sensing.

3a3: Role of brainstem patterning in texture discrimination
In addition to the pattern in the cortex, somatotopic patterns exist in both PrV and
Spvi, but their significance for vibrissal function is unknown. The observation that barrel
pattern formation in the cortex is dependent upon PrV projections during development
(Ding et al., 2003) suggests some contribution of PrV patterning to “active sensing” in
“barrel cortex dependent” tasks. To test this hypothesis we also studied vibrissa-mediated
texture discrimination in a model lacking that patterning-the Prxxl1-/- mouse. Prxxl1 is a
paired related homeobox-like 1 transcription factor, expressed in PrV and throughout the
nuclei of the dorsal root ganglia (Chen et al., 2001). It is required for vibrissa-related
patterning in PrV, but not in SpVi, where it is not expressed (Ding et al., 2003).
Knockout animals show intact barrellette patterning in SpVi but no barrellettes in PrV,
and, as a result, have no thalamic barrelloids and no cortical barrels (Chen et al., 2001).
They thus provide an ideal model for exploring the role of PrV patterning in texture
discrimination.

3a4: Testing: Methods and Challenges
Determining an animal’s ability to discriminate textures is not simple. Previous
research has used deprivation/reinforcement-dependent discrimination tasks, but this was
not feasible with the Prxxll-/-, whose feeding behavior is severely impaired and whose
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body weight is significantly reduced (Bakalar et al., 2015). We therefore used a
habituation-dishabituation paradigm which takes advantage of the observation that mice
reduce responsiveness with each successive presentation of an object, but show a marked
increase in responsiveness upon presentation of a novel stimulus. This dishabituation
response thus provides an index of object discrimination between the two stimuli
(Ennaceur & Delacour, 1988). We used a vibrissal texture discrimination task developed
by Wu, Ioffe, Iverson, Boon and Dyck (2013), in which animals are habituated to two
objects of the same texture, and then presented with one object of the old texture and one
of a novel texture. Time spent exploring the novel object provides an index of object
discrimination. This task is acquired rapidly (3 sessions) and does not require
deprivation, or the use of reinforcers. We controlled for potential visual differences
between textures and for recognition of specific objects by smell, and confirmed that the
task requires vibrissae for its completion. We compared performance on this task in
normal (C57BL/6J) mice and in mice lacking patterning in cortex (BRL) and PrV
(Prxx11-/-) in order to assess the functional significance of patterning at different levels
of the trigeminal neuraxis.

3b: Materials and Methods
3b1: Subjects
Mice used in this study were bred and maintained in the Laboratory Animal
Facility of Hunter College, CUNY. All procedures were approved by the Hunter College
IACUC. Animal care and procedures were in accordance with the applicable portions of
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the Animal Welfare Act and the guidelines prescribed in Guide for the Care and Use of
Laboratory Animals (NHHS Publication No (NIH) 85-23). Subjects are homozygous
BRL mice, bred from animals generously gifted by Dr. Welker (University of Lausanne),
and Prxxl1 animals of all genotypes, bred from heterozygous pairings. Breeding pairs and
were housed in standard-size mouse cages with Beta-chip bedding, and fed standard
mouse chow. BRL study animals were housed in groups of 3-5 littermates in standardsize mouse cages with Beta-chip bedding, and fed standard mouse chow, while Prxxl1
animals of all genotypes were housed in groups of 3-5 littermates in standard-size mouse
cages with PaperTek bedding, and fed liquid diet (Bioserv, Lieber-DeCarli '82). All
animals were aged between 30 and 40 days at the time of testing.

3b2: Genotyping.
Tail samples taken after the experiment was complete were digested and
genotyped using PCR. Primers used to assess the presence of the wildtype BRL allele
were 5’GGAACCAAGGAGCCTATTGGTTCGT3’(bottom, designated p2331) and
5’CTCGGGCAAAATGCAACTGCCAGGT3’ (top, designated p2332). To check for the
mutant BRL allele, the primer 5’ACCCCTGAGCAAGCAGGTTTCAGGCT3’
(designated p2333) was paired with p2331. For Prxxl1 animals, primers used to check for
the presence of the wildtype allele were 5’GTGGATGTTACTCAGTTTCATCTT3’
(bottom, designated p2070) and 5’CCCGTGAGCACCTTGAACTGTGAT3’ (top,
designated p2071). To check for the mutant allele, the primer
5’CCCGTGAGCACCTTGAACTGTGAT3’ (designated p199) was paired with p2071.
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3b3: Texture discrimination Task.
We created a testing arena (40cm3) of white corrugated plastic board carpeted
with approximately 3cm of Betachip laboratory bedding. Critical trials were videotaped
for later analysis at 1080p, 60 frames per second using a Nikon D3300 camera. For initial
testing, the arena was lit from above using two incandescent strip lights. Because
different grades of sandpaper differ somewhat in color, we also tested groups of naïve
BRL mice in the same three discriminations under dim red light (620nm LED bulb). This
effectively removes the confound of visual input because mouse photoreceptors have
vanishingly low sensitivity at wavelengths higher than 600nm (Orange light) (Jacobs,
Neitz & Deegan, 1991; Hattar et al., 2003; Discrimination objects were 0.4 cm thick
upright boards of corrugated plastic, 4 cm across and 15 cm high, fixed to a 4 cm × 4 cm
base, with aluminum oxide sand paper in three grades (80, 120, or 220-grit) glued to their
surface. To minimize the effect of non-textural differences between discrimination
objects (such as odor or subtle visual differences), three objects with each texture of
sandpaper were created and used in a randomized fashion. Therefore, while both objects
presented in session 2 were novel in the sense that the animal had never been exposed to
that specific object before, one was of a novel texture while the other was of a familiar
texture.
Animals were habituated to the testing chamber for 10 minutes per day for two
days. Texture discrimination trials began on the third day. For an initial learning trial
(Habituation session), two 220-grit discrimination objects, randomly chosen from 3
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available, were placed equidistant to the walls of the arena (see Figure 15). The mouse
was placed in the testing arena equidistant to the two identically textured discriminanda,
and 5 minutes of exploratory behavior were filmed. Following the habituation session,
the mouse was returned to the holding cage for a 5 minute interval. During this interval,
before the second (Discrimination) session, we replaced the two objects in the arena with
the remaining 220-grit object, and a new object of a different texture, a randomly
selected 80-grit (large discrimination), 100-grit (medium discrimination), or 120-grit
(fine discrimination) discrimination object. The mouse was then returned to the arena
and filmed exploring these objects for another 3 minutes, before being removed from the
arena. After each animal had completed the sessions, they were returned to the home
cage in the colony room. Between animals, the bedding was replaced with fresh Beta
Chip, and the chamber cleaned with 70% ethanol to minimize olfactory crossover from
previous subjects. Figure 15 (adapted from Wu et al 2013) shows the experimental setup
and procedures.
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Figure 12: Experimental setup and procedures for vibrissal discrimination. A)
Testing arena, with discrimination objects; B) Discrimination object dimensions (dark
indicates sandpaper); C) Experimental procedure. Adapted from Wu et al, 2013.

3b4: Analysis of Discrimination Task.
For both trials, time spent exploring each object was determined from analysis of
videos. Exploration was defined as placing the nose within 2cm of the object while not
engaging in other behaviors such as digging and grooming (See Wu et al., 2013 for
detailed explanation of scoring procedure). The percentage time spent investigating the
novel texture versus the familiar texture during the Discrimination session served as the
discrimination measure. Mice that explored only one of the two objects during either
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learning or the Discrimination session, or that had a total exploration time of less than 2
seconds during either session were excluded from the study for lack of adequate
exploratory activity.

3b5: Trimmed Vibrissae Control.
To assess whether the task is vibrissa-dependent in BRL mice as it is in wildtype
animals, we tested N = 8 BRL mice with vibrissae removed. Prior to the first day of
habituation, mystacial vibrissae were bilaterally removed under isoflourane anesthesia by
shaving to the skin with electric clippers. On the day of testing, this procedure was
repeated to remove vibrissal regrowth. Mice were then tested under red light in the easy
texture discrimination task.

3b6: Histology.
Animals were deeply anesthetized with ketamine and xylazine and then perfused
transcardially with cold 0.1 M phosphate-buffered saline (PBS) (pH 7.4), followed by 4%
paraformaldehyde in phosphate buffer (0.1 M, pH 7.4). Brains were collected and stored
in 30% paraformaldehyde for 12-24 hours, then cryopreserved in PBS with 4% sucrose
overnight, frozen, and sectioned on a cryostat at 80 µm. Barrel cortex was sectioned
transversely. Sections were then stained using a standard cytochrome oxidase protocol
(Wong-Riley et al 1979).
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3c: Results.
3c1: Histology.
Cyochrome Oxidase staining confirmed a loss of Barrels in S1 of mutant mice,
confirming that these animals match the classic barrelless phenotype. Figure 13 A
represents normal cortical barrels and the pattern observed in the BRL mouse (from
Erzurumlu and Kind, 2001), and figure 13 B shows cytochrome oxidase-stained cortical
sections, from the current study.

Figure 13: A) Diagram of anatomy in Wildtype and BRL (blue indicates barrel walls,
brown indicates TCAs). Drawings of barrel cortex anatomy in the BRL mouse is
excerpted from Erzurumlu and Kind, 2001.
B) Cytochrome Oxidase stain showing TCAs clustered into barrels (dark) in WT mouse
but not in BRL mouse somatosensory cortex.
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3c2: Trimmed Vibrissae Control.
A one sample T-test comparing percentage of time spent exploring novel object to
the chance value 50% was performed. Although N = 8 animals were tested, 4 were
excluded due to low levels of exploration. Without vibrissae, the remaining N= 4 BRL
mice did not explore the novel texture significantly more than the habituated texture (t(3)
= 1.735, p = .181), confirming that this task is vibrissa-dependent in BRL mice, as
previously shown in C57BL/6J animals (Wu et al 2013).

3c3: Vibrissal Discrimination, BRL mouse: White Light.
A one sample T-test comparing percentage of time spent exploring novel object to
the chance value 50% was performed. At the easy discrimination level, BRL mice (N=8)
are able to distinguish a novel textured object from one to which they have habituated,
spending significantly more than half their time exploring the novel object (t(7)=2.547,
p=.038). In the medium discrimination (220 v 100 grit), BRL animals again explore the
novel object for significantly more than half the time (t(3) = 3.535, p = .039). In the fine
discrimination, N = 5 BRL mice were no longer distinguishing between novel and
habituated objects (t(4) = 1.044, p = .356). We find that in our hands, BRL mice tested
under white light can distinguish 220-grit sandpaper from 80 and from 100-grit sandpaper
(See figure 14).
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3c4: Vibrissal Discrimination Prxxl1 mouse: White Light.
After exclusion of 4 Prxxl1-/- animals, 1 Het, and 2 WTs with low exploration (as
defined in methods), a total of N = 7 Prxxl1-/- mice, N = 20 Hets, and N = 16 WT were
tested. We found no significant dishabituation in the presence of the novel object for any
genotype in this background, at any level of discrimination. N = 7 WT mice were tested
in the easy discrimination, spent a mean of 45.42% of the time exploring the novel object
(SEM = 8.48), t(6) = .527, p = .617. N = 16 Het mice in the easy discrimination spent a
mean of 54.32% of the time exploring the novel object (SEM = 3.89), t(15) = 1.109, p =
.285. N = 3 Prxxl1-/- animals explored the novel object a mean of 56.29% of the time
(SEM = 9.23), t(2) = .682, p = .566.
In the medium discrimination, N = 9 WT mice were tested, and spent a mean of
49.23% of their time exploring the novel object (SEM = 8.02), t(8) = -.096, p = .926. N =
4 Het mice in the medium discrimination spent a mean of 47.9% of their time exploring
the novel object (SEM = 10.67), t(3) = -.193, p = .859. N = 4 Prxxl1-/- animals explored
the novel object a mean of 44.65% of the time (SEM = 2.64), t(3) = .-2.022, p = .136.
Because neither knockouts nor controls successfully completed the easy and medium
discriminations, no Prxxl-line animals were tested in the fine discrimination.
Since our paradigm involves assessment of differential amounts of activity in the
presence of different stimuli, we next assessed the animals’ activity level, as indicated by
total time spent investigating both objects in the testing trial, to determine if this might
help to explain these results. We used Kruskall-Wallis ANOVA to compare total time
spent exploring by WT and Het animals in the Prxxl1 line (excluding Prxxl1-/- mice to
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remove the confound of their reduced weight) and BRL animals in the white-light
discrimination tasks, combining all discrimination levels. BRL mice explored for a mean
of 67.96 seconds (SEM = 5.75), WT mice in the Prxxl1 line for M = 22.83 seconds (SEM
= 4.52), and Het Prxxl1 mice for M = 15.49 seconds (SEM = 2.62). Chi-square analysis
revealed significant differences in time spent exploring across genotypes (χ2(2) = 28.171,
p < .001). Specifically, BRL mice explored significantly more than WT (p < .001) or Het
(p < .001) mice, but WT and Het mice did not differ from one another. This reduction in
exploration in the Prxxl1 line suggests that the poor performance of these animals may
reflect their generally low levels of exploratory behavior, rather than a discrimination or
dishabituation deficit, per se.

3c5: Visual Control.
Because different grades of sandpaper differ somewhat in color, we tested naïve
BRL mice in the same three discriminations under dim red light. In the easy
discrimination, after exclusion of one animal with a z-score lower than 2, we find that N
= 7 BRL mice spent a mean of 61.35% of their exploration time on a novel texture, which
a one-sample t-test reveals to be significantly more than 50% (t(6) = 3.156, p = 0.02). In
the medium discrimination, N = 8 BRL mice spent a mean of 49.95% of their time on the
novel texture, which does not significantly differ from 50% (t(6) = -.008, p = .994). In the
fine discrimination, N = 7 BRL mice spent a mean of 44.09% of their time on the novel
texture, which does not significantly differ from 50% (t(7) = -.666, p = .53).
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Figure 14: BRL mice vibrissal Discrimination; percentage of exploration time spent
with novel texture in vibrissal discrimination task under A) White light; B) Red light.
Dotted line indicates 50% exploration.

3d: Discussion.
3d1: The Prxxl1 mouse
We found no significant differences in the response to novel and habituated
objects in the Prxxl1-/- mice, but this was also true in the “control” animals (WT and Het
mice). Prxxl1 animals of all genotypes were significantly less exploratory than BRL
mice: Given this fact, our results are not informative about the role of patterning but
suggest that both “control” and knockout mice on this background are not useful
“normal” controls because of their typical low levels of exploration. We suggest back67

crossing the Prxxl1 mutation into a more active background in order to test texture
discrimination.

3d2: Comparison of BRL with wildtype animals
We find that Barrelless mice can make texture discriminations, but their
performance is degraded compared with that of wildtype animals When visual cues were
controlled for, BRL mice succeed in only one of three discriminations that C57BL/6J
mice can do. That is, while BRL performance is inferior to that of controls in the absence
of visual cues, in their presence BRL mice are capable of performance almost comparable
to that of WT animals (Wu et al., 2013). Moreover, Wu et al showed that in C57BL/6J
animals, removing visual cues by covering the objects in saran wrap eliminated
discrimination, suggesting that the WT mouse does not use vision to complete the task. In
contrast, the BRL animal discriminates significantly better (succeeding in two out of
three discriminations) in the presence of visual cues than in their absence, suggesting
differential use of visual inputs in the two types of animal. However, neither WT nor
BRL mice can discriminate objects without the presence of vibrissae, demonstrating that
the task is vibrissa-dependent in both animals. This result indicates that while barrel
cortex neurons are necessary for some baseline level of vibrissa-mediated texture
discrimination, in the absence of patterning that performance is significantly degradedsuggesting a functional role for patterning, per se.
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3d3: How does loss of patterning effect texture discrimination?
We suggest that patterning may contribute to competence by functionally
“focusing” or “refining” incoming texture information. To explain this result, we must
address the potential coding schemes used by cortical neurons to interpret textures from
vibrissal afferents. Several techniques for encoding texture in the vibrissal system have
been suggested. One type of model suggests that differential inputs from vibrissae in the
array work together to create a code of texture. One version of this model, the resonance
hypothesis, suggests that the differing sizes and width at the base of different vibrissae in
the array lead them to have characteristic resonance frequencies, and that this results in a
spatial map of resonance (Neimark, Andermann, Hopfiels & Moore, 2003; Hartmann,
Johnson, Towel & Assad, 2003). If this coding technique is being used, it would easily
explain the behavioral deficit in our animals, since the spatial map of the vibrissae is
blurred, creating confusion between similar textures as a result of overlap in the signal of
adjacent vibrissae. Textures which are more similar to one another would be decoded by
adjacent vibrissae, which are similar in length and breadth, and so confusion between the
afferents from each vibrissa would muddle these fine texture signals while sparing larger
texture discrimination, which would depend on vibrissae farther apart on the face and less
likely to have overlap of TCAs in the BRL mouse. The resonance model has fallen out of
favor, since the power of the resonance of individual vibrissae does not significantly vary
with surface texture (Wolfe et al., 2008), and because rats can do texture discriminations
with a single vibrissa (Morita et al., 2011). However, a robot model of vibrissal sensing
shows that despite small differences in resonance frequency across similar textures, a
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neural network classifier of the power spectrum of these vibrations can identify textures
with 70-80% reliability, suggesting that this model may still be involved in decoding
subtle texture discriminations (Lepora et al., 2012).
More evidence for the involvement of multiple vibrissae comes from a large
population of neurons in barrel cortex which respond preferentially to correlated
stimulation of multiple vibrissae (so called “global neurons”). These neurons are
prevalent in layers V and the layer IV barrels. Global neurons respond best to correlated
motion of the whole vibrissal pad. Local neurons also exist, predominately in layer VI
and in septa, and respond to stimulation of a single vibrissa (the central vibrissa) and its
surrounding vibrissae. Mono- vibrissal neurons are antagonized by activity of the global
neurons in a center-surround fashion, focusing the inputs to single local neurons
(Estebanez et al., 2012). The overlap of TCAs observed in the BRL mouse could
compromise this correlation-detector by inserting rogue signals from other vibrissae into
the inputs of S1 neurons, decreasing the apparent correlation of neurons, reducing
surround-inhibition, and therefore reducing discrimination ability.
Another coding possibility is that the animal uses a code representing roughness
as the mean firing rate of S1 neurons: Whisking on rougher surfaces creates higher
velocity motion of the vibrissae, resulting in a higher mean firing rate in S1. Firing rates
have been shown to vary between very rough and smooth surfaces (Von Heinmendahl,
Itskov, Arabzadeh & Diamond, 2007; Arabzadeh et al., 2005), but they do not vary
between similar grades of sandpaper (e.g., p150 vs. p800), although animals can
nonetheless discriminate between these (Morita et al., 2011). Additionally, as the
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vibrissae move across surfaces, the vibrissae catch and pull free from the surface,
creating fast, high amplitude stick/slip events. The size and rate of these events vary with
the texture of the surface, and mean firing rate of S1 neurons varies with them
(Arabzadeh et al., 2005; Wolfe et al., 2008). Aberrant inputs to S1 from vibrissae other
than the central vibrissa could compromise these codes, causing confusion about the
mean rate of firing associated with each texture and leading to errors in discrimination,
especially when textures are similar. In addition, the correlation in firing rates of
adjacent neurons in S1 increases during these stick/slip events, suggesting multi-vibrissal
involvement (Morita et al., 2011), which could lead to confusion due to TCA overlap.
Finally, other aspects of task performance, such as learning, may also play a role.
While both the BRL and thalamic NMDAr KO animals lack both barrel walls and CO
barrels, The Fmr1 KO mouse lacks cortical barrel walls, but does have CO barrels
(Bureau, Shepherd & Svoboda, 2008). This animal performs normally in initial trials of a
gap-crossing task, but fails to improve with time, suggesting a deficit in tactile learning
(Arnett, Herman & McGee, 2014).

3d3: Addendum: Comparison with Arakawa et al. (2014)
While this work was in progress, Arakawa, Akkentli, and Erzurumlu (2014a)
published a report assessing performance by several barrelless mouse models on a variety
of cognitive and behavioral tasks, including vibrissa-mediated behaviors, The task most
relevant to the current work assessed texture discrimination and its results lead the
authors to conclude that BRL mice are unable to make discriminations based on texture.
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However, these differing results may be related to procedural differences. Using a
habituation-dishabituation protocol, Arakawa et al. (2014) presented a small cup with a
cap of sponge as their habituation object during trial 1, used a 1 hour inter-trial interval,
then used as novel objects a variety of textures, specifically metal mesh, plastic tips,
silicon-brush, terry cloth, and cardboard. These objects do not differ in texture in any
systematic fashion, and were used in a randomized manner. Therefore, although it can
address texture-based object discrimination the task provides no information about the
resolution of texture discrimination. In addition, the smell-absorbing properties of
sponge, terry cloth, and cardboard may have influenced their outcomes. It is also possible
that impaired LTP in the BRL animal could affect performance with a one-hour inter-trial
interval. The BRL mouse could have simply forgotten what the specific textural
characteristics of the objects were in trial one, and therefore not recognized the novel
objects as novel.
We therefore tested naive BRL mice (N = 7) in the easy discrimination using a 1hour inter-trial interval. We found that, like Ararakwa’s animals, they fail to show a
significant dishabituation response to the novel stimulus (t(6) = .050, p = .962),
suggesting that this procedural difference may account for the differences between our
results and theirs. (Note: One animal was removed from the study because of very low
levels of exploratory activity).
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Chapter 4
General Discussion

In order to clarify the functional role of somatotopic patterning in the vibrissal
system, I examined the behavior of two mutant strains of mice: Prxx11-/- and BRL, using
assays of ingestive behavior and texture discrimination. Prxx11-/- lacks patterning
(Barrellettes) in PrV as well as in S1, while BRL has normal barrellette patterning in PrV
but lacks patterning in S1. With respect to ingestive behavior, I found that Prxxl1
knockout mice are severely impaired in their feeding and drinking behavior, as reflected
in an inability to generate and complete the normal movement sequences required for
ingestion. However, although their orientation and reflex grasping responses to vibrissal
stimulation are normal, I was unable to determine their texture discrimination ability
using a task involving habituation-dishabituation of exploratory vibrissal responses to
novel stimuli because their level of exploratory behavior was significantly reduced.
In contrast, the BRL mouse, though lacking in normal cortical patterning, showed
no deficits in ingestive behavior, but its texture discrimination, while present, was
degraded with respect to normal (wildtype) mice. These data suggest differential roles for
patterning in the two behaviors and raise the question of the mechanisms by which absent
or disrupted patterning in PrV and S1 could have their effects.
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4a. Role of barrellette pattern in feeding
A starting point for this discussion is the observation that multiple knockout mice
models show that barrellette patterning in PrV is necessary for normal feeding
phenotypes. Feeding phenotypes in animals lacking barrellettes range from mild
malocclusion (Smad4 KO animals: Wang, 2015, personal communication), through
feeding that is low efficiency causing weight deficits (Prxxl1-/- mouse), to a total inability
to feed without assistance (NMDAR1 KO: Kutsuwada et al., 1996). In all of these mice
there is a loss of patterning (barrellettes) in PrV and, subsequently, of barreloids and
barrels in thalamus and cortex.
In Prxxl1-/- mice and other barrellette-less animals, loss of PrV patterning
may compromise topographic projections to the thalamus or cortex. Patterning is
projected via PrV via VPM to the cortex (Killackey & Fleming, 1985), such that loss of
PrV pattern results in loss of thalamic and cortical pattern. While no data exists on the
Prxxl1-/- animals, in the Smad KO mouse (another barrellette-less model), projections
from neighboring vibrissae to trigeminal brainstem nuclei are diffuse and overlapping
(Da Silva et al., 2010). In the NMDAR KO animal, trigeminal afferents establish gross
topography but do not refine into barrellettes (Li, Erzurumlu, Chen, Jhaveri & Tonegawa,
1994; Kutsuwada et al., 1996). Feeding abnormalities are present in both these models
(See Table 1). If the Prxxl1-/- mouse has a similar phenotype, projection of already
diffuse and overlapping PrV signals to thalamus and S1 could further degrade the
topographical organization in S1 to a point where it impacts feeding behavior.
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It is possible that loss of Prxxl1 affects feeding behavior by interrupting the
connections between sensory inputs and motor outputs, either via the loss of cells and
projecting neurons, or by altering connectivity as an effect of the pattern loss. The
behavioral deficits of the Prxxl1-/- feeding phenotype may be related to the loss or
diminished viability of a sub-population of PrV neurons that play a critical role in the
trigeminal circuitry mediating the sensori-motor control of ingestive behavior. That
circuitry would normally involve short-latency trigemino-thalamic (lemniscal)
projections, originating in PrV and conveying the orosensory inputs required to link
sensory-to-motor components of the ingestive act (e.g. mouth-opening, licking, grasping).
It is therefore of interest that in their analysis of another homeobox containing
transcription factor mutant, the Lmx1b KO, Jacquin and his colleagues reported that PrV
of Lmx1b-/- mice had dramatically reduced numbers of thalamic-projecting glutamatergic
neurons, but increased numbers of GABAergic local circuit neurons (Xiang, Zhang,
Johnson, Jacquin & Chen, 2012). Because Prxxl1 is a downstream factor in the same
signaling pathway as Lmx1b, it is likely that similar effects will be seen in the Prxxl1-/mouse. Such a reduction of glutamatergic projecting neurons could produce a functional
lesion in PrV or significantly alter the response properties of PrV neurons. Single unit
recording studies of Prxxl1-/-could test this hypothesis. In addition, rescue of the cell
death by use of bax-crossed animals (such as those used by Jacquin et al., 2008) could
help clarify the role of patterning versus loss of projection neurons.
Finally, we note that Prxxl1 is expressed throughout the nuclei of the dorsal root
ganglia and in the dorsal spinal cord (Chen et al. 2001). As such, the deficits we observed
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in these animals may be the result of its loss elsewhere in the nervous system. This
confound can be addressed by crossing an inducible version of the Prxxl1 knockout with
an animal expressing CRE in the areas of interest, i.e. either the brain as a whole or PrV
specifically. Despite this confound, the overlap of feeding abnormalities among
barrellette-less mice does suggest (though it does not prove) that the effect is a result of
the loss of barrellette patterning, and not of the loss of Prxxl1 elsewhere.

4a: Role of barrel patterning in feeding: “Patterning” vs topographic organization
We suggest based on data from the Prxxl1-/- animal and other barrellette-less
knockouts that PrV pattern is necessary for normal feeding behavior. However, there is at
least one knockout mouse model that suggests that while PrV patterning may be
necessary for normal feeding, it may not be sufficient: The Gap-43 Knockout mouse
(Strittmatter, Fankhauser, Huang, Mashimo & Fishman, 1995; Maier et al., 1999. In the
GAP-43 knockout mouse, barrellettes form normally, but thalamic barreloids are not
visible using CO staining, and while TCAs terminate in layer IV, because of pathfinding
errors, they do so in random clusters, with little topographic relationship to the vibrissae
layout. Barrels in the cortex are present but are completely disordered. This TCA
phenotype differs from that of most barrelless strains, which show an ordered vibrissal
map with a blurring of boundaries between each vibrissa’s representative zone
(Strittmatteret al., 1995; Maier et al., 1999). Importantly, the phenotype of these mice is
reminiscent of that of our Prxxl1 knockout: While both suckling and the rooting reflex is
present, 45% of these pups die in the first two days of life, and another 45% die around
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weaning, with empty stomachs indicating that they died of starvation. Such observations
suggest a complex relationship between impaired ingestive behavior, the presence of
intact barrelettes in PrV, and the nature of the patterning seen in S1. The Gap-43 mouse is
unique in that it is the only mutant animal identified which has abnormal cortical barrel
patterning but normal barrellettes, and nonetheless displays abnormal feeding behavior.
Thus we may need to distinguish between the presence of cortical patterning, (per se)
defined as the aggregation of afferents into discrete, CO-visualizable groups of cells, and
the availability of a normal topographic organization of the sensory area (a defined
spatial relationship between the peripheral sensory organs and the area of the brain
serving them; i.e. rows and columns of whiskers are represented in the correct area of the
cortex, in discrete bands, activity of neurons occurs in the anatomically appropriate
region upon vibrissal stimulation). Specifically, we hypothesize that while cortical barrels
are not necessary for normal feeding behavior, some level of cortical topography must be
maintained for feeding to proceed normally.
A re-examination of the data for the BRL mouse provides some support for the
hypothesis that topographic organization of TCAs is required for normal feeding, while
barrels as such are not required. The BRL mouse shows normal weight gain during
development, reaches normal adult weights, and has no notable feeding deficits.
Additionally, no feeding deficits have been reported in other barrelless animals (MAO
KO (Cases et al., 1996), Neuro-D2 KO (Ince-Dunn et al., 2006), 5HTT KO (Persico et
al., 2001). While TCAs in the BRL mouse (and in other identified barrelless animals) are
spread widely and terminate over large areas of layer IV, they do terminate in layer IV
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and at approximately the spot a normal barrel would be found, a fact supported by
deoxyglucose uptake data which shows uptake within a barrel’s area of cortex in the BRL
mouse (Welker et al., 1996; Cases et al., 1996; Persico et al., 2001; Ince-Dunn et al.,
2006). TCAs in BRL animals, like those in related mutants are diffuse but not displaced.
That is, the topography of barrel cortex is intact, in that there remains a defined spatial
relationship between the vibrissae and the area of the cortex serving them. However,
what is lost in these animals is patterning- the aggregation of afferent synapses into
clusters. In the described barrelless animals, patterning in PrV is present, but while
patterning in S1 is absent, topography is preserved. In summary, barrellette-less animals
and animals with a loss of cortical topography show feeding deficits, while barrelless
animals with intact PrV patterning and basic topographical organization of S1 (such as
the BRL animal used in the present study) show no feeding deficits. Lack of PrV
patterning and/or loss of cortical topography, caused indirectly by the loss of PrV
patterning or directly by severe pathfinding errors, is associated with deficits in feeding.
These data, taken together, suggest that patterning in PrV and topographic organization of
TCAs, but not patterning per se, is required for normal feeding behavior. Put another
way, both the presence of patterning (barrellettes) in PrV and some minimum
organization of the topographic projection throughout the trigeminal neuraxis may be
required for normal feeding behavior.
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Table 1: Barrelless (grey background) and Barrellette-less (lighter purple background)
mice and their identified feeding abnormalities.

Y indicates the presence of the indicated anatomy or behavior, n indicates its absence,
and Question Marks appear where no description could be found to validate either
suggestion in the literature or through private communication.
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4b: Role of barrel patterning in texture discrimination
Lesioning studies have suggested that vibrissal-mediated texture discrimimation
is a barrel cortex-dependent task. In this dissertation I tried to dissociate the presence and
viability of cortical barrel cells from their patterning. We find that BRL animals are able
to make basic discriminations based on textural differences, but that they are less
competent at doing so than wildtype animals, when forced to rely solely on textural (i.e.
tactile) cues. I have suggested that the reduced discrimination ability of these animals
reflects a functional blurring in the processing of texture information produced by the
overlap of TCA arbors of neighboring vibrissae. Such blurring could disrupt both multivibrissa and firing-rate based codes.
The Prxxl1 animal (of all genotypes) did not discriminate between the novel and
habituated objects at any level in this study, so I was unable to determine the role of
Prxxl1 and of barrellette patterning in texture discrimination. However, if the BRL
mouse, with overlapping TCAs, behaves as if its barrel inputs are “blurred,” I would
predict that the Prxxl1-/- animal, in which afferents are unpatterned in PrV and thalamus,
would have an even less ordered projection of cortical TCAs and therefore a seriously
diminished ability to make texture discriminations.
It should be noted that the conclusion that texture discrimination is barrel cortex
dependent is derived from reinforcement-mediated discrimination tasks which may
provide better information about the animals’ ability to resolve small differences in
texture. In contrast, the habituation-dishabituation task may better suited to an analysis of
object recognition. Until we have data on BRL discrimination using the standard
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discrimination paradigms, the “barrel-cortex dependency” of rodent texture
discrimination remains unclear. Such data may be obtained using inducible and targeted
knockouts, which may be more viable, or by outcrossing these animals to a higher
exploration strain, such as the CD-1 mouse.

4c: Future Directions
4c1: Inducible Prxxl1 knockout
It is possible that Prxxl1 is involved in both the development and maintenance of
the barrellette patterning in PrV or of feeding behavior. PrV cells expressing Prxxl1
emerge from the hindbrain on approximately embryonic day 10.5 (E10.5), then migrate
towards the trigeminal ganglion, which itself begins to express Prxxl1 by E11.5. Prxxl1expressing cells reach their final locations by E15.5, and the protein is detectable in PrV
until P14 (Ding et al 2003). It is unknown whether Prxxl1 itself guides any or all of these
migrations, including the coalescing of afferents into barrellettes, or what role it may play
in maintaining the patterning once it is established. We have therefore developed an
inducible version of the knockout animal, in which exons 5 and 6 of Prxxl1 are flanked
by Loxp sites. I bred this animal with a constitutive ROSA26-CRE-ERT2 mouse, such
that administration of tamoxifen triggers recombination at the Loxp sites, removing the
two exons. This allows me to delete exons of Prxxl1 at any time in development. With
this animal, I will examine the developmental time-course of Prxxl1 in the trigeminal
neuraxis.
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Inducible Prxxl1 knockout animals used experimentally will be bred in a series of
crosses: First, I will cross the homozygous floxed Prxxl1 animals with a ROSA26-CREERT2 expressing mouse (Acquired from Jackson Labs). Resulting offspring which test
positive for both loxP and CRE (via PCR) will be bred together to create animals
homozygous for both alleles. Additionally, I will breed homozygous floxed animals with
the initial constitutive Prxxl1 knockout animal, to create a flox/null mouse with one
floxed allele of Prxxl1 and one null, making it easier to induce a phenotype as only one
set of loxP sites must recombine. Final animals analyzed will be the result of breeding
flox/null animals (male or female) with animals either homozygous for both CRE and
loxP or heterozygous for both. This breeding scheme results in multiple genotypes within
each litter, allowing me to use littermates as control animals.
Induction will be triggered by the administration of Tamoxifen citrate (in a
solution of corn oil) injected intraperitoneally in dams at time-points of interest.
Tamoxifen then reaches the pups via milk, inducing recombination of loxP sites. Dams
will receive 100mL of Tamoxifen (100mg/ml) per day for 5 concurrent days, a regimen
validated to trigger loxP recombination in pups (Feil, Valtcheva & Feil, 2009).
Because barrellette patterning is not present at birth, but develops as the animal
grows and uses the vibrissae, finishing around P4 (Kivrak & Erzurumlu, 2012), I will
induce the knockout on P1 (before barrellette patterning has formed in PrV) and at P5
(just after the completion of barrellette patterning in PrV).
Using these induced pups, I will examine the relationship between time of
induction, development or maintenance of CO barrellettes, and feeding behavior as
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indicated by weight gain across development. Outcomes measured will include weight
during each day after Tamoxifen administration, to roughly assess feeding phenotype,
and degree of patterning developed or maintained in PrV. I may find that some specific
times of induction result in a loss of barrellette pattern but intact feeding, or in disrupted
feeding with an intact pattern, further clarifying the role of the pattern per se.
Additionally, if these animals when induced at P1 fail to develop barrellettes but are
markedly healthier than the constitutive Prxxl1-/-, which lacks the gene throughout
development, they could be a valuable animal to use for further testing of vibrissal
discrimination in the Prxxl1-/- animal.

4c2: Lmx1b cross
Prxxl1 is expressed widely, in the spinal cord and the dorsal root ganglia, where it
is required for the patterning of nociceptive circuitry (Saito et al., 1995, Chen et al., 2001)
and during development it is found in spinal cells and in trigeminal ganglia such as
subnuclei oralis and SpVc, though not in the vibrissally patterned portion (laminae IIIIIIV) of this nucleus (Ding et al., 2003). Immunostaining shows continued expression of
Prxxl1 in trigeminal ganglion and dorsal root ganglion until at least P21 (Rebelo et al.,
2007), all of which present potential confounds in animals tested. Notably, we observed
what may be the results of nociceptive deficits in or knockout mouse, which overgroomed to the point of injuring itself, limiting experimental utility and requiring that we
test behavior early in life (Bakalar et al., 2015).
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As a result of this widespread expression, it is hard to conclude that deficits and
behavioral changes observed in the constitutive Prxxl1-/- animal are specifically due to
loss of Prxxl1 in PrV, or to loss of PrV patterning. However, using the inducible Prxxl1
animal, I can eliminate expression of Prxxl1 only in PrV. Rebelo et al. (2007) show that
Prxxl1 expression overlaps with the expression of another transcription factor, Lmx1b, in
PrV alone. I will generate or acquire an animal expressing CRE-ERT2 under the control
of the Lmx1b promotor, so that upon administration of Tamoxifen, the Loxp sites
surrounding exons 5 and 6 of Prxxl1 will recombine in only the areas of the brain where
Lmx1b is also expressed. With this model, I can examine the role of Prxxl1 deletion in
PrV alone, across developmental time-points. The resulting animal may also be healthier
and more viable, making them more amenable to further testing in texture discrimination.

4c3: Extended testing of BRL mouse in texture discrimination
I did not test the BRL mouse on the well-validated reinforcement-mediated
vibrissal tasks such as gap-crossing and two-choice lick tasks because I included the
Prxxl1-/- animal in the study, and these animals could not tolerate food deprivation and
the repeated training sessions required for these tasks. Given that the BRL mouse is
healthy, I should proceed to test them in these tasks, including the inducible, PrV-targeted
Prxxl1 knockout if possible.
One specific task that I would like to pursue is to examine the role of barrel
overlap in active sensing. The BRL mouse has significant overlap in TCA arbors,
creating a “blurry” barrel field, which appears to be reflected behaviorally in that these
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animals make wide discriminations but not fine ones. If basic somatotopy is intact but the
overlap causes difficulty with fine texture discriminations, then removal of specific
overlapping and non-overlapping vibrissae in the array would be of interest. Removal of
all but a few overlapping vibrissae should reduce or eliminate discrimination ability,
while removal of all but a few vibrissae whose TCA arbors are unlikely to overlap may
not.

4c4: Translational Study: Role of DRGX in human feeding disorder
I propose to expand the Prxxl1 feeding work by analyzing the genomes of human
feeding disorder patients for mutations in the exons of DRGX (the human homologue of
Prxxl1). I suspect mutations in this gene for several rerasons: Chromosome 10q11.23,
where the gene is located, is a mutation hotspot, known to be especially prone to
muations (Liehr et al., 2009; Staneawicz et al., 2012). My second line of evidence comes
from a patient study: one Cockayne syndrome patient with a DRGX mutation has been
described in the literature, and the symptoms of this child match the syndrome we see in
Prxxl1 knockout mice (Ghai et al., 2011). Both the patient and the Prxxl1-/- mice show
feeding disorders, failure to thrive, and skin and dental problems. These data taken
together suggest that chromosome 10q11.23 and more specifically DRGX may play a role
in human feeding disorder.
I therefore hypothesize that some cases of currently undiagnosed developmental
disorders are a result of mutations in this region of the genome, specifically the gene
DRGX. Because of the effects of knocking out Prxxl1 in mice, I suggest that mutations in
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this gene may be present in in developmentally disabled infants with feeding disorder and
failure to thrive.
Subjects included will be developmentally disabled patients with feeding
disorders and/or failure to thrive. Feeding disorders include problems gathering food and
sucking, chewing, or swallowing it. Children diagnosed with failure to thrive can't take
in or are unable to retain or utilize the calories needed to gain weight and grow as
expected, and therefore grow more slowly than expected for their developmental stage. I
will receive samples of patients’ blood from collaborating physicians and test each exon
of DRGX for mutations.
If mutations appear at a higher rate than in the general population, or specific
mutations are observed in multiple cases, I may have identified a contributing genetic
factor to human feeding disorders. Screening measures and early intervention could then
be used to improve outcomes in children with these mutations.

4d: Summary
In this dissertation, I examined the functional roles of barrel and barrellette
patterning in two behaviors (feeding and texture discrimination). I used two mutant mice
lacking patterning in PrV and in cortex, respectively, and used behavioral testing to
assess the role of patterning. I found that patterning in PrV may be vital for the control of
feeding behavior: Prxxl1-/- animals without barrellettes show a pervasive and complex
feeding syndrome. This provides strong evidence that Prxxl1 is a critical genetic
contributor to feeding circuitry and implicates trigeminal lemniscal, rather than
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paralemniscal circuitry in the neural control of feeding behavior. I found that BRL mice,
which have PrV patterning but lack cortical patterning, eat normally. Based on the
current work and evidence from other knockout mice, we suggest that some maintenance
of topography in barrel cortex is required for normal feeding.
Secondly, I attempted to characterize the Prxxl1-/- and BRL behavioral
phenotypes with regards to vibrissal sensory abilities. I used a vibrissally-mediated
texture-discrimination task to investigate the role of barrellette and barrel patterning (IE
the organization of lemniscal cells) on texture discrimination in Prxxl1-/- and in BRL
mice. I was unable to assess the contribution of barrellette patterning to active sensing,
due to low levels of exploration by mice in the Prxxl1 line. This result informs us that the
ask used, which is recent in development (Wu et al., 2013) is suited to studies with high
activity-level mice, but not for testing of lower activity strains. I therefore suggest that the
activity level of a strain if mice be carefully considered by researchers attempting this
assay in future. Using the BRL mouse, I found evidence that cortical barrel patterning
assists in finer levels of texture discrimination. BRL mice can discriminate textures
which are dissimilar to one another, possibly due to the remaining topographic
organization of their cortex, but do not reach the level of discrimination that wildtype
animals do. Thus, in setting out to examine the role of patterning in the trigeminal
neuraxis, I have identified the topographical organization of S1 as an additional factor
which may influence functionality of the system.
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